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VOLCANIC SUITES AND RELATED CAULDRONS OF
TIMBER MOUNTAIN-OASIS VALLEY CALDERA COMPLEX,
SOUTHERN NEVADA

By F. M. Byrzs, Jx., W. J. Carn, Paut P. OxxiLp,
W. D. QuinuvaNn, and K. A. SARGENT

ABSTRACT

The Timber Mountain-Oasis Valley aldera complex occupies a
slighuly elliptical area about 40 km (23 mi) in maximum diameter in
southern Nye County, Nev., and is 3 major part of the southwesiern
Nevada volcanic field. which includes peralkaline, alkati-aldc, ak-
alkalic, and calcic censers. Upper Miocene and Jower Pliocene aak-
alkalic and alkali-alcc ash-flow shees and pewologically relawed
igneous rocks of the Timber Mounwin-Oasis Valley caldera complex
were erupted 16-9 m.y. (million years) ago and werr associated with
multiple cauldron subsidences.

The newly named cak-alkalic Redsock Valley and Crater Flat Tuffs
were amociaied with collapses 16-14 m.y. ago, pousibly within the
Sleeping Butte caldera, only a small part of which is still exposed. The
Redrock Valley consists of only one knowa cooling unit, whereas the
Craswer Flat consists of two newly named members, the Bullfrog and the
Prow Pas.

The quaru-bearing Stockade Wash Tuff, formerly |.he5¢ocbde Wash

mber of the quartz-poor Paintbrush Tuff, is here raised 10 separate

wunjmhltuaakdh)xmﬂ erupted between 13.8and 13.2

m.y. ago as a lase effusive from the dominanuy peralkaline Silent Canyon
caldera. The Stockade Wash is unrclated 10 the Paintbrush, in both its
petrologic features and volcanic source, but is closely similar petro-
graphically to two other late ash-llow sheets of limited extent within and
around Silent Canyon caldera and also to 1,500 m (3,000 k) of calc-alkalic
tufls and rhyolite lavas of Ares 20, which fill Silent Canyon aaldera.
The Paintbrush Tufl is here resuricied 10 include the quaru-free 1o
quaru-poor bedded and intercalated welded ash-fiow tuffs that occur
between the underlying redefined Stockade Wash Tuff, or the tuffs and
thyolites of Area 20. and the overlying Timber Mountain Tufl. The
Paintbrush is 2 major alkali-<cakic volcanic sequence of genetically
related bedded twiff and ash-Nlow wff sheets that were erupted 13.2-12.5
m.y. ago {rom the Claim Canyon cauldron center, the southernumost part
of which is exposad in an arcuate segment at the south side of the
complex. The ash-flow sheets consist of (1) the Topopah Spring Member
near the base, (2) the Pah Canyon Member, (3) a lucal subsurface unit that
may grade upward inio a lava flow, (1) the Yucca Mountain Member, (5)
the Tiva Canyon Member, which includes the inoracauldron tuff o
Chocolate Mounain, and (8) the inoacauldron wif of Pinyon Pass.
The Claim Canyon cauldron segment exposes gready thickensd intra-
cauldron facies of Paintbrush welded tulls, intercalated lavas, and tuill
breccia. The estimated volume of the Topopah Spring Member is about
256 km? (60 mi'), dbut may be much greawr, as the unit is buried by
younger weldid mils and lavas within the exposed segment of the
cauldson. The post-Topopah Spring ash-flow shewws of the Paintbrush
Tull and inwercalated lavas are more than 1,500 m thick in the Qlaim
Canyon zauldron segment. This thick post-Topopah Spring intra-
cauldson filling :mplics considerable siructural depression inside the
cauldron. It seems unliVsly that this much uructural depression could

have occurred within the cauldron (ollowing the eruption of only the
Topopah Spring Member. We interpret the exposed Claim Canyon
cauldron segment as probabdly secording continued episodic subsidence
during or immediawely following cruption of cach ash-flow sheet of the
Paintbrush. The maximum subsidence of Claim Canyon caukiron
probably occurred Luring the lase stages of erupdion of 1,000 km? (250
mi?) ol the Tiva Canyon Member. An aliesnative interpretation infers
that subsidence at the Oasis Valley caldera segment was related 10 crup-
tion of the Tiva Canyon. A thick wfl breccia along and near the wall ot
the Claim Canyon cauldron segment, however, grades lawerally and
vertically inio welded masses of the Tiva Canyon and may mark a Jocus ol
Tiva Canyon volcanic venus.

Cauldron resurgence posaibly alfected the Claim Canyon cauldron, as
the wiffs lilling the exposed Claim Canyon cauldron segment now suand
topographically and structurally high; the buried larger pan of the
cauldron 10 the north has been dropped (o great depth by collapses of the
younger Timber Mounuin caldera. Aliernatively, the segment: s raised
with 2 much larger Yucta Mountain block during earty broad uotning ol
Timber Mountain caldera prioe w0 eruption of the Timber Mounain
Tuff.

The lower Pliocene alkali-cakcic Timber Mountain Tulf is redefined 10
include all quaru-bearing ash-flow wif sheets and minor interbedded
ash-fall wif erupied about 11 m.y. ago from the Timber Mounuin
caldera center. The wulf includes in ascending order, the Rainier Mesa
and Ammonia Tanks Members, whick are the two widespread ash-fiow
sheews of the original definiuon, and the newly added inuacaldera tuffs of
Butionhook Wash and Crooked Canyor. The Auamonia Tanks Member
has been further redefined 1o include the Joaal wifs of Cat Canyon and
Transvaal, which are now known (o be equivalent 10 part or all of the
Ammonia Tanks.

" Two major subsidences of Timover Mountain caldera were associated
with eruption of the Rainier Mesa Member, having a volume of more
than 1,200 km? (300 mi?), and with the eruption of the overlying
Ammonia Tanks Member, having a volume of about 300 km? (230 mi?).
The tuff exposed on the cenal resurgent dome of Timber Moumain
caldera is inraaaidera Ammoaia Tanks, more than 900 m (3,000 [t) thick,
and was formerly mapped as tuff of CatCanyon. Thicknesses in excess of
450 m (1.500 {1), granophyric texture, and fluida; flow banding of both
the Rainier Meaa and Ammonia Tanks Members within the Oasis Valley
caldera swegmer.: suggest also paral collapse of that segment during
erupiion of the members, iorming a large volcano-tectonic depression.
The area that collapsed because of the erupeion of the Rainier Mesa is
somewhat larger than that which collapsed because of the Ammonia
Tanks, as might be expected (rom the greater volume of the Rainier Mesa.

The Timber Mounuain resurgent dome in the central area of Timber
Mounuin caldera contains both inward-dipping high-silica rhyolite tuil
dikes, possibly cone sheets, and an outward-dipping micrograniuc ring

1
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dike approaching quaruz latite composstion (68 percent silica). These two
toch iypes are prirologically simalar 10 limiang compositions of the
Ammonia Tanks Member and may have come from dilferent levels of 2
toned silicic magma chamber high in the crust.

Poor-Timber Mountain slhali-caksc 1ulfs and relased lavas are
conlined 10 the Oasis Valley-Timber Mountain calders complex and
probably were erupied 11.0-95 m. y. 2go from within the Oasis Valley

caldera segment
Rhyolite lavas exwruded froem the rim and moat areas of Timber Moun-

Qin caldera concluded the acuvity of the caldera complex about 9 m. y.
ago.
INTRODUCTION

The ash-flow sheets discussed in this report constitute
the major stratigraphic units shown on the US.
Geological Survey map of the Timber Mountin aldera
area (Byersand others, 1976) in the Nevada Test Site region
of southem Nevada. An attemnpt is made to reiate the tuff
sheets and petrologically similar lavas and inwrusives o
major volcanic centers of the Timber Mountain-Oasis
Valley caldera complex (fig. I). A closely related paper
(Christiansen and others, 1975) emphasizes the structural
setting and associated Tertiary volanism in the region
around the caldera complex.

Present knowledge of the relations and distribution of
volcanic rocks in the Nevada Test Site region of south-
western Nevada is based on 34 geologic quadrangle maps
(fig. 2), about 30 exploratory drill holes, several Bouguer
gravity (Don L. Healey, written commun.. 1968) and aero-
magnetic maps (G. D. Bath, written commun., 1968), more
than 500 polarity determinations of natural remanent
magnetism of rocks (G. D. Bath, written commun.,
1963-68), radiometric age determinations of %} volcanic
rocks (Kistler, 1968; Marvin and others, 1970), and more
than 400 modal analyses of thin sections.

During the concentrated effort of geologic mapping
from 1960 10 1964, the volcanic rocks at the Nevada Test
Site were grouped into formations because of the need to
define stratigraphic units for the geologic maps (fig. 2).
Ash-flow wiff sheets of similar mineralogy and chemistry
were grouped into foimations, the individual sheets being
membcrs of the formations (Smith, 1960a, p. 812-813: R.
L. 5mith, oral commun., 1960-68; Christianssn. and
others, 196%), but some stratigraphic divisions were based
on limited knowledge regarding areal distributions of the
units and their associations with major volcanic centers.
In this paper the geologic and petrologic relations of the
tuff sequences to lavas and intrusives at caldera centers are
further emphasized in arniving at a logical basis for
redefining some of the units.
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NOMENCLATURE - -

In general, we follow guidelines of the ash-flow twif
nomenclature of Smith (19603, p- 800-801; 1960b) and
Ross and Smith (1961). For brevity in this report and on
the geologic map of the Timber Mountain area (Byersand
others, 1976) ash-flow wif (Ross and Smith, 1961, P Yor
simply the word “wff” in the PToper context carries the
genetic connotation of ash-flow cooling unit of Smith
(1960a, p. 801), as well as thatof a lithologic term. A wiffor
ash-flow cooling unit, in this connotation, was emplaced
in an instant of geologic ime and is therefore a ume-
marker as well as a lithologic unit (compare with Smith,
1960b. p. 150). The plural term “tuffs,” analogous to
“lavas” or “lava flows,” is used for two or more ash-flow
cooling units mapped as a unit (forexample, Christiansen
and Lioman, 1965; Sargent, 1969; Rogers .nd others,
1967). The singular term “‘tuff" is also used in forinal
stratigraphic noraenclature—for example, Paintgrush
Tuff—in which it carries the dual genetic and lithologic
implication just noted, inasmuch as the component tuff
members and the informal tuffs are single ash-flow
cooling units. "Ash-flow sheet” is also used descriptively
in discussing the extensive cooling units of large volume
associated with cauldron subsidence.

Other types of tuff are indicated in this report and un the
Timber Mountain map (Byers and others, 1976) by appro-
priate modifiers (compare with Ross and Smith, 1961, p.
3). such as bedded tuff (descriptive) and ash-fall tuff
(genetic).

In Smith’'s (1960b, p. 157-158) summary discussion of
the cpoling unit and composite sheet, he implied the
existence of complete cooling breaks between cooling
units and partial cooling breaks within compound
cooling units by giving criieria for recognizing types of
hiatuses beiween ash-flow units. Recognition of ‘he
nature of these hiatuses, herein referred to as cither a
partial or complete cooling break, is necessary in order 1o
define an ash-flow cooling unit as the basic stratigraphic
unit with time-marker implications (Smith, 1960a, pl. 1;
Christiansen and others, 1968; Noble, 8ath. and others
1968, p. C61}.
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NOMENCLATURE

T T Approximate outer limit of Timber Mountain-
Oasis Valley caldera complex. Inciudes
Sleeping Butte and Claim Canyon segments.
Dathed where indefinite

Ficurz |.—Southwestern Nevada volcanic field, Nye County, Nev., showing
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EXPLANATION

B T T Periphery of Timber Mountain resurgent dome

location of Timber Mounuain caldera and other major volcanic

centers. Area shown on the geologic map by Byen and others (1976) is shaded.

A compnsitional subdivision of an ash-flow tutt sheet,
characterized by a unique and lateially correlatable
phenocryst assemblage, is alled a subunit, following
usage of Smith and Bailey (1966, p. 11) and Lipman,
Chrisuansen, and O’Connor (1966;. The term “caprock™

[P

| (Lipman, Christiansen, and O’Connor, 1966, p. F5),

although a ropographic term, convenienty describes the
more crystal-rich, commoniy more mafic upper subunit of
a compositionally roned cooling unit. The caprock is so
named because it commonly forms a resistant capping

“BEST AVAILABLE COPY”
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GENERAL GEOLOGIC RELATIONS 5

4ge. which is the result of a densely welded zone over-
ng a less welded 2one in a compound cooling unit. In
“~—many places the contact between compositional subunits
is gradational within a foot ot two and commonly nearly
coincides with the contact between welding and
crystallinity zones.
The Paintbrush Tulf and younger silicic volcanic rocks
of the Timber Mountain-Oasis Valley caldera complex are
alkali-aalcic in the Peacock (1981) classification and do
not readily fit some of the commonly used classifications
(Rittmann, 1952; Nockolds, 1954; O'Connor, 1963). In
order 10 emphasize the differences in chemical composi-
tion among these younger rocks of the Timber Mounuain
area (W. D. Quinlivan and P. W. Lipman, written
commun., 1974), tuffs and lavas ranging from about 65 o
72 percent SiO, are called quaru latites; rocks ranging
from about 72 to 76 percent silica are called rhyolites or
low-silica rhyolites to emphasize compositional range;
~ androcks in the range from about 76 0 78 percent silica are

called high-silica rhyolites. The pre-Paintbrush volcanic
~ rocks are normal calc-alkalic rhyolites, which are lower in
total alkalis, particularly powssium, and slightly higher
in lime than younger rocks of similar silica content.
Peralkaline rocks (Shand, 1947, p. 229) are represented by
the early effusives of Silent Canyon caldera and conwin
sodium in pyroxene and amphibole, as well as in feldspar.
These rocks are considered briefly in this report.

‘ “he terms “'caldera” and “‘cauldron’ are used in this
—paper to emphasize topographic expression. Caidera is

used in the sense proposed by Williams (1941, p. 242) fora
- large, roughly circular or oval topographic depression in
the central area of a volcano or volcanic complex. We also
recognized lilled and buried calderas. The Silent Canyon
caldera no longer has the topographic form of a caldera,
but it is filled with low-density volcanic rocks that make a
large gravity anomaly having the shape of a caldera (D. L.
Healey and C. H. Miller, written commun., 1967; Orkild
and others, 1968, fig. 2). The term “cauldron™ is used fora
generally circular or oval. suuctural block which has sub-
s.ded in the area of a volcanic or intrusive center but which
has los* through subsequent erosion any topographic
features of the former caldera. Our usage is virtually
synonymous with “cauldron subsidence’ as defined in the
study of Glen Coe cauldron by Clough, Maufe. and Bailey
(1909). The term *‘segment” is applied to a portion of 2
caldera or cauldron that does not have a circular form
either because a part of it has been truncated by a later
adjacent subsidence or because its original form has been
severely modified by later structural movement.

The term: “volcanic center’ is occasionally used herein
for the entire volcanic edifice including the underlying
magma chamber, the subsided cauldron, the surficial
raldera, if preserved, and the extrusive vents that are

served as dikes and vent breccias. fhe intimate associa-

b\-/"

tion of central stocks, ring dikes, and cone sheets with
cauldron structures has been emphasized many times in
the literature, notably in review papers by Richey (1932),
Richey, MacGregor, and Anderson (1961), Anderson
(1936), Billings (1943). Buddingion (1959, p. 680-685),
Smith, Bailey, and Ross (1961), Branch (1966), Hamilton
and Myers (1967, p. C6~C9), and Eggler (1968, p.
1555-1557).

GENERAL GEOLCGIC RELATIONS

The .southwestern Nevada volanic field (fig. 1)
comprises upper Tertiary effusive rocks from the Timber
Mounuin-Oasis Valley caldera complex, rocks from per-
alkaline calderas in the northemn part, and several minor
satellite lava piles ranging from alc-aikalic to aldc
(Noble and others, 1965; Christiansen and others, 1976).
The ash-flow tuffs and related rocks discussed in this
report constitute most of a thick upper Miocene and lower
Pliocene calc-alkalic and alkali-calcic volaanic sequence
shown on the geologic map of the Timber Mountain
caldera area (Byers and others, 1976) and include all the
known silicic eruptive products of the Timber Mountain-
QOasis Valley caldera complex. Peralkaline volcanic rocks
of the Silent Canyon and Black Mountain calderas to the
north (fig. 1) intertongue and posidate, respectively, the
tuffs and lavas ol this report and have been discussed else-
where (Noble and others. 1963, 1965; Sargent and others,
1965; Christiansen and Noble, 1965; Noble, Sargent, and
others, 1968; Christiansen and others, 1976).

The newly named upper Miocene Radrock Va! >y and
Crater Flat Tuffs (able 1) are calc-alkalic effusives of
probably the oldest recognizable caldera within the

Tastz 1.—Generahized stratigraphic nomenclature of tuff formations
and members as Aevein redefined and therr mdsceied volcanic center
[Mwnos snracalders injormal unets are omuiced)

Age Voicome Fermsnce Memmber
ey or uRM

Pliocene Timber Timber Tufl: of Crooked Canyon'
Mountain Mountain | Tulf of Buttonhook Wash!
Caldera Tutl Ammonia Tanks Member!
Rainier Mesa Member

Claim Paintorush | Tuff of Pinyon Pass
Can Tuff} Tiva Canyon Member
Cauidron Yucaa Mounain Member

Pah Canyon Member
Topopah Spring Member

Miocene
Silemt Stockade
. Canyon Wash
Caldera Tulf
Sleeping Crater Flat | Prow Pass Member?
Bute Tulf? Bullfrog Member?
Caldera
Redrock
Valley
Tuff?
‘Cevlogu name redofuned.
™New geologu nsme. '



8 TIMBER MOUNTAIN-OASIS VALLEY CALDERA COMPLEX, NEVADA

EXTRACALDERA

Ammonia Tanks
M

Conyon Member

Grouse
of Belted Rangs T““

Crater Flat Tult

Redrock Vattey Tuff

Pre-Redrock Valley rocks 1 L

CLAIM CANYON
AREAS CAULDARON SEGMENT

Tult of
Buttonnooh Waesh
L

—

Q7r | Post-Timber Mountain Tuff rock of |
late Tertiary and Quaternary age

'\ Bedded tuff undivided

Timber Mountain Tuff
Genetically related lavas

Timber Mountain-Oasis Valley caldera complex. Only a
small part of this caldera is now exposed and is herein
calied the Sleeping Butte caldera segment (fig. 1). The
redefined Stockade Wash Tulf (table 1) is not a product of
"« Timber Mounuin caldera complex but is a late cale-
lic ash-ilow sheet of the domr:inantly peralkaline Silent
~—-ayon caldera. The overlying Paintbrush Tuff, as herein

Paiatbru-h Tuff

———
:ﬁmmm Genetically related lavas

Tuff breccia

200799 Debris flows and breccia

—===Partial cooling break

*
defined, consists of several quaru-poor densely w-.ded

ash-flow twif cooling units that are lithologically and
petrologically distinct from those of the formations above
and below. Most of the units are exposed within the Claim
Canyon cauldron segment (fig. 1), where they are very
thick and intertongue with petrologically similar rhyolite

lavas. The uppermost IWM}% ’Rglt:g &ngn
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_—

of Belted Range Tuft

Ficure 3 (left and above).—Generalized schematic diagram through southwestern Ncvada volcnic field, showing geologic relations between
ash-flow 1uff sheets and related rocks discussed in this report. A few minor une:s omitted. Length of diagram about 30 km (30 mi).

Tulf, contains comr.on to abundant quartz phenocrysts
and consists of two widespread coexte:sive members, the
Rainier Mesa and the overlying Ammonia Tanks. Within
parts of the Timber Mountain caldera these two members
thicken, intertongue with rhyolite lavas, and are overlain
by intracaldera informal units of the Timber Mountain
Tufl, as herein recefined. Post-Timber Mounain tuffs
and lavas are of relatively small volume and are lavoely
confined to the Timber Mountin-Oasis Valley caldera
complex. The stratigraphic and geologic relations of the
flow twifis and intercalated rhyoiite lavas in the south-
tern Nevada volcanic lield are shown in figure 3.

“SEST AVAILABLE COPY"
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TUFFS AND LAVAS RELATED TO SLEEPING
. BUTTE CALDERA

REDROCK VALLEY TUTY

The: Redrock Valley Tuff, the oldest ash-flow sheet
related to the Timber Mountain-Oasis Valley cldera
complex, is here named after exposures in Redrock Valley
(fig. 4). The least altered and most complete exposure,
however, is on the west side of Yucca Flat at hill 5504, 2.4
km (1.5 mi)east of the head of Redrock Valley (fig. 4) in the
northern partof the Tippipah Spring quadrangle (Orkild,
1963) and is designated the typ= locality. The unit, as now
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EXPLANATION
/] iotitehomblende thyclite west of
Split Ridge . )
1" Tuffz of Sleeping Bette N

N Prow Puss Mesber (waderiain
A o s s

7////% RBEyolite lava flow betweea mambers

D Bulifrog Member
§. Bullfrog Member (undertain by Red-

rock Valley Tuff)

D Redrock Valley Tufl

e Zero isopach of ash-flow tuff

- .
,,,,

—~——Limit of informstion

v
Muuo- Drill holes used for controt - Numbder

mentioned in text

S oeviLraog

2 Plaa \ . . L2 S

0 5 10 13 20 MILES )

T —1 T L i 4 b 4

] 5 10 15 20 KILOMETRES /
“BEST AVAILABLE COPY"

Ficure 4.—~Areal distribution of Redrock Valley Tull, memben of Crater Flat

known, consists of only oneash-flow tulf cooling unit and originated from the Timber Mountain-Oasis Vailey
has heen informally called “wif of Redrock Valley” | caldera complex.

(Marvin and others, 1970, p. 2659, 2667). The Redrock The known extent of the Redrock Valley Tuif is shown
Valley Tuff is the oldest known voleanic rock that | in figure 4. At hill 5504 the unit is approximately 125 m

-
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Tufl, and other volcanic rocks that are probably related to Ske*~ing Butte caldera.

(400 ft) thick. It reaches a maximum thickness of 418 m | ranges in thickness from about 30 to 210 m (100-700 ft).
(1,570 ft) where penetrated in test well 8and is about 300 m The wuff is exposed at the surface in three widely
(1,000 ft) thick in two weils west and south of Rainier | scattered localities besides the one nosthwest of Yuccz Flat.
Mesa. Where penetrated in other Jrill holes (fig. 4), it | The mostsignificantof these isa small outcrop 5 km (3 mi)

'Bed>i AVAILABLE COPY”




10 TIMBER MOUNTAIN-OASIS VALLEY CALDERA COMPLEX. NEIVADA

south of Sleeping Butte near the intersection of Sleeping
‘te and Oasis Valley caldera segments (fig. 4): this
nure is the only one known on the west side of the
“~ewidera complex. The northernmost exposure at the south
end of the Belied Range was locally mapped in Quartet
Dome quadrangle (fig. 2; Sargent and others, 1966) as
“ash-fllow twif of Kawich Valley.” North of Frenchman
Flat the nonwelded distal edge of the Redrock Valley Tulf
is exposed in a few fault blocks along the border between
‘Nye and Lincoln Counties.

Little is known of the original total extent of the
Redrock Valley Tulf, but if the unit was as widespread as
suggested by the scattered outcrops and drill holes, as
much as 360 km?® (90 mi’) may be present outside the
Timber Mountain-Qasis Valley caldera complex,
assuming an average thickness of 120 m (400 ft) over 3,000
km? (1,200 mi?). The volume of tuff buried beneath the
Timber Mountin-Oasis Valley caldera complex would
not increase this figure significanily in view of the inferred
wide areal extent and the unceruainties involved.

The Redrock Valley Tuff rests on Paleozoic rocks in the
Eleana Range or on a thin, bedded unnamed tuff sequence
immediately overlying the Fraction Tuff (Rogers and
others, 1967; Marvin and others, 1970) in drill holes of the
Rainier Mesa and Yucca Flat areas shown in figure 4. The
wff is overlain with local unconformity by bedded tuff, as
much as 60 m (200 ft) thick, which is in turn overlain by the
Bulifrog Member of the Crater Flat Tuff.

wif at hill 5504 consists of a light-yellowish-gray
. .2lded basal zone of shards, several metres thick,
gka/ing upward to a brown densely welded zone, which
locally includes a thin dark-gray vitrophyre less than 5 m
(15 f1) thick. The upper 100 m (330 ft) becomes less welded
with increasing crysallinity and is light purplish gray,
mottled with red—the red coloration giving the name to
Redrock Valley, which in tum is here reapplied 10 the tuff.
Small lightcclored pumice lenticies 1-2 em long in the
deviuified zone contain abundant tny (0.2-1.0 mm)
biotite and hornblende phenocrysts that aid in identi-
fication of the unit. Quart is absent to very sparse and,
where present, commonly cannot be seen with a hand lens.
The uppermost partof the tuff locally reflects vapor-phase
type crystallization (Smith, 195ub). The tuff has the zona-
tion of a simple cooling unit.

Petrographically, the rock ¢+n be distinguished from all
other ash-flow tuffs at the Navada Test Site by the criteria
shown in figure 5. It typically contains hornblende, like
the other calc-alkalic tuffs and lavas of the Sleeping Burie
center. The lower part has a plagioclase 0 aliali feldspar
phenocryst ratio of about 3:1 and very lite or no quartz.
The upper part, in conuast, has about equal feldspar
phenocrysts and sparse quartz. Phenocrysts seemingly
increase slightly in the upper part, despite less compac-
tion and weiding. Small euhedral quartz micropheno-

£rysts. commonly less than 0.5 mm and never exceeding 1.0
mm, are diagnostic of the unit; two thin sections examined
from the lowermost part of the uff were quaru-free, butall
sections cut from the upper part contain quartz. The
division between the upper and lower parts is based on
petrography and has not been recognized in the field. The
twofold division can be recognized in surface samples and
also in drill core from the area northwest of Yucca Flat.

The K-Ar age of sanidine in the locat basal vitrophvyre of
the Redrock Valley Tuff from the type locality at hill 5504
is 15.7 m.y., which is in good agreement with K-Ar agesof
the overlying and underlying units {Marvin and others,
1970). This age is close to the onset of volcanism at the
Timber Mounuin-Oasis Valley caldera complex and
postdates nearly all the volaanic activity in the Northern
Nellis Bombing and Gunnery Range to the north (Ekren
and others, 1971). The thermal remanent magnetization is
reverse polarity (G. D. Bath, written commun.. 1968). Two
chemica! anaiyses of the wiff, one of the lower partand the
other of the upper part, were made (W. D. Quinlivan and
P. W.Lipman, written commun., 1974); the silica centents
of these rocks are shown graphically in figure 5.

CRATER FLAT TUFF AND INTERCAZATED LAvA

The Crater Flat Tuff is here named from exposures
around the edges of Crater Flat (lig. 4), which is designated
the type area of the formation. The wff consists of a lower
member, the Bullfrog Member (new), -1d an upper
memoer, the Prow Pass Member (n2~), and local,
unnamed intercalated breccia, bedded tuff, and ash-flow
wif. Both members and the intercalated breccia are well
exposed at the southeast end of an unnamed hogback at
south side of Crater Flat which is designated the type
locality of the Crater Flat Tuff (fig. 4). This is the only
known section in which both members are largely glassy
and virtually unaliered and, therefore, amendable to K-Ar
age dating. The thicl.ness at the type locality totals about
19N m (620 ft), of which the Bullfrog Member is 130 m (430
ft), intercalated breccia, 10 m (30 ft), and the Prow Pass
Member, 50 m (160 (1).

Ths Crater Flat Tuff has been shown as *“'wuff of Crater
Flat” on sever2] U.S. Geological Survey 7%-minute quad-
rangle maps (fig. 2) covering the southern part of the
Nevada Test Site (Christiansen and Lipman, 1965; Orkild
and O'Connor, 1970; Poole, Elsion, and Carr, 1965;
Sargent and others, 1970). On the east side of the
Wahmonie volcanic center (Poole, Elsion, and Carr, 1965;
Poole, Carr, and Elston, 1965) a local middle ash-flo.v tuft,
similar to the underlying Bullfrog Member, is included
with the tormatdion.

A local intercalated rhyolite lava in the south wall of the
Oasis Valley caldera segment (fig. 4) i5 not included in the
Crater Flat Tull, in accordance with prior practice by
authors of reports on Nevada Test Site geology. This lava
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is described here because it has about the same phenoayst
ratios as the underlying Bullfrog Member—suggestive of a

- common origin. The lava has been altered in most places

along with the underlying member and cannot con-
veniently be mapped separately. It has been included with
the Crater Flat Tulf on the map ol the Timber Mounuain
caldera area {Byers and others, 1976).

Duplicate K-Ar ages on biotites from vitrophyre in the
lower part of the Bullfrog Member are 14.0 and 13.0 m.y.
For reasons previously discussed (Marvin and others, 1970,
p- 2667), the 14.0-m.y. age is believed more reliable. The
natural thermal rexnanent magnetism of both members of
the Crater Flat Tulf is normal (G. D. Bath, written
commun., 1965).

BULLFROG MEMBER

The Bullfrog Member, whose known disaibution is
shown in figure 4, is here named for the lower ash-flow
sheet of the Crater Flat Tuff from exposures at Bullfrog
Mounuin (fig. 4). The type locality of the member is
exposed on the mounain just north of the original Bull-
{rog mine, shown on the Bullfrog quadrangle (fig. 2)
mapped by Cormnwall and Kleinhamp! (1964, pl. 4). These
authors (1964, pl. 5, p. J10) described the member as
cooling unit 2 of their Bullirog Hillscaldera and showed a
composite thickness of 280 m (930 ft) in the Bullfrog Hills.

The Bullfrog Member is 130 m (430 ft) thick in the type
locality of the Crater Flat Tuff at the south end of Crater
Flat and is locally as much as 180 m (600 ft) thick in the
northern part. Exposures of the member either are
incomplete or were not mapped separately east of Crater
Flat; therefore, maximum thicknesses are not known, but
are probably as much as 150 m (500 f1) in paleovalleys.
Thicknesses in Yucca Flat and in the Rainier Mesa area to
the northwest do not exceed 120 m (400 {t). As the distal
edges are approached, such as near the southwest corner of
Lincoln County, the thickness of the unit ranges from 15
to 30 m (50 to 100 fu).

The unit is incompletely exposed south of Sleeping
Butte (fig. 4), but probably the thickness does not exceed 60
m (200 {t). From drill hole UE20j 1o UE20A, just outside
and inside the Silent Canyen caldera, respectively, the unit
decreases slightly from 170 to 130 m (560-430 ft) in
thickness (Orkiid and others, 1969, section 4-4°). The
unit probably predates the formauon of Silent Canyon
caldera, for there is no great difference in thickness
between the two holes inside and outside the caldera, and
the unit has been downdropped 2,660 m (8,720 ft) to the
cast along later caldera faults (Orkild and others, 569,
section A-A4°).

The Bulllrog Member probably originally c.vered a
larger area than that indicated on figure 4 and may have
extended into the Death Valley area west of the Grapevine
Mountains and southwesterly under the Amargosa Desert.
The northwestern extent under Sarcobatus Flat is also

RN

unknown. If an original area of 6,500 km? (2,500 mi?),
twice that of the Redrock Valley Tuff, were covered, a
maximum of 1,000 km?*(250 mi*) may haveoriginally been
present.

The Bullirog Member is commonly conformable on
underlying bedded ash-fall tulf, which in turn separates
the Bullfrog from the underlying Redrock Valley Tuil. In
the Bulifrog Hills and on the eastern flank of the Grape-
vine Mountains (fig. 4), the member rests concordantly on
bedded tuffaceous sandstone that overlies the Oligocene
Titus Canyon Formation (Stock and Bode, 1935). At the
type locality at Bullfrog Mountain, the member rests on
cooling unit | of Cornwall and Kleinhampl (1964). To the
east along the southern border of its known extent, the
member rests on the rocks of Pavits Springs (Poole, Elston,
and Carr, 1965; Poole, Carr, and Elsion, 1965). The
member is overlain at the type locality of the Crater Flat
Tulf by a monolithologic breccia composed of fragments
of the member. It is overlain by the lava flow that is petro-
graphically simila- to the member in the south wall of the
Oasis Vzlley caldera segment (fig. 4*. Elsewhere the Bull-
frog Member is overlain by bedded tulf of the Crater Flat,
which, in wm, is overlain by the Prow Pass Member.
Locally on the east flank of the Wahmonie volcanic center,
a middle ash-flow petrographically similar to the under-
lying Bullfrog Member intervenes between the members.
In drill hole UE20j on Pahute Mesa, the Bullfrog Member
is separated from the overlying peralkaline Tub Spring
Mer et of the Belted Range Tuff {Noble, Sargent, and
others, 1948; Orkild and others, 1969) by 51.8 m .70 ft) of
bedded ash-fall wil. In drill hole UE20f, lavas ol pes
alkaline composition occur below the member, and the
tuff of Tolicha Peak occurs above the member. In
exposures just north of Redrock Valley and in drill cores in
the Rainier Mesa area the Bullfrog Member occurs as a
local nonwelded tuff at or near the top cf tunnel bed 1 of
the Indian Trail Formation {D. L. Hoover, oral commun.,
1974).

In lithology and petrography the calc-alkalic Bullirog
Member of the Crater Flat Tuff is generallv similar to the
Redrock Valley Tulff but differs in containing significant
euhedral quaru phenocrysts (fig. 5) as long2s2.5mm. The
member bas a feldspar compositional zonation with
plagioclase significantily in excess of alkali feldspar in the
lower part and feldspars subequal in the upper pari. The
commcen biotite flakes in small (1-3 cm) white pumice
lenticles are an identifying criteriocn which, along with
readily viible yuaruz phenocrysts, serve 10 distinguish the
member irom the Redrock Valley Tuff. The ash-flow sheet
is brown and glassy in the lower part ac the type locality of
the Crater Flat Formation at the south side of Cruter Flat,
but elsewhere the Bullfrog Member is Jight yellowish gray,
slightly mottled with yellow and pale reddish brown and
microcrystalline from base t0 top. The sheet, where the top
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is not eroded, has an upper part that contains crvsials of
the vapor-phase zone in pumice. In the Bullfrog Hills, the
membey is silicified and locally mineralized with sulfides
and gold (Cornwall and Kleinhampl, 1964, p. J22) and is
moderately welded. In the Yucca Flat area, northern
Frenchman Flat, and in drill hole UE20j (fig. i), the
member is nonwelded 10 slightly welded and the original
glass is now aliered to zeolites.

In dril) hole UE20f (lig. 4) where the wif member was
penetrated between depths of 3,500 and 3,650 m (11,500
and 12,000 ft), the biotite has been completely replaced by
chlorite, and the feldspars have been parily replaced by
sericite. All these differing facies and degrees of alteration
of the ash-flow sheet might cause great difficulty in
correlation were it not for the lateral persistence of a
unique phenocryst assortment (fig. 5). general strati-
graphic position, and cerain lithologic features, such as
small, Nauened biotite-bearing pumice lenticles not
destroyed by alteration.

The petrochemisury (W. D. Quinlivan and P. W.
Lipman, written commun., 1974) cf the Bullfrog Member
is similar to that of the underlying Redrock Valley Tulf
(fig. 5) in that the lower part of the ash-flow sheet is
slightly more malic and less silicic than the upper part.
Although sampling has been limited, field observations
suggest no sharp break between the upper and lower parts;
the subdivision is arbitrary and based on petrography.

INTERCALATED LAVA FLOW

“~— A brownish-gray fluidal lava flow overlyicg the Bull-

{rog Member but not part of the Crater Flat Tuff is exposed
in fault blocks in the south wall of the Oasis Valley caldera
segment (fig. 4). The lava pinches out a short distance
south of the wall, for exposures of both members of the
Crater Flat Tuff at Prow Pass and at the north end of
Crater Flat include only intervening bedded wff. A down-
faulted portion of the lava is doubtless buried beneath
younger volcanic rocks in the Oasis Valley caldera
segment. The exposed partof the lava flow does not exceed
60 m (200 f1) in thickness.

The Prcw Pa<s Member rests directiy on the lava, but as
much as 15 m (50 ft) of bedded tul’ separates the lava from
the underlying Bullfrog Member.

The lava superficially resemtles 'he underlying Bul}
{rog Member, but its fluidal flew banding idenifies it asa
lava flow. The lower part locally includes a vitrophyre,
whereas the Urownish-gray uppermost part conuains
spheroidal white pumice with abundant fii.c biotite
phenocrysts resembling the tuff. The thin-section modes
of three specimens of the lava are well within the range of
22 modes ol the Bullfrog Member (fig. 5). Two chemical
analyses of the lava (W. D. Quinlivan and P. W. Lipman,
written commun., 1974) indicate that the devitrified

specimen is several percent higher in SiO, content than is
the specimen of the basal vitrophyre ({ig. 5).

PROW PASS MEMBER

The Prow Pass Member of the Crater Flat Tuff is here
named alter Prow Pass. the type locality, at the north end
of Yucca Mounuin ({ig. 4). At the type locality at Prow
Pass, 15.2m (50 ft)of devitrified welded tulf constitutes the
upper cooling unit of the Crater Fla.. The member is
slightly thicker and more densely welded in the northern
part of the Crater Flat area than it is in the southern part.
At the type locality of the Crater Flat Tuff (fig. 1), the
member is 50 m (160 ft) thick, but is parily glassy and oniy
slightly welded. Near the castern and southcastern edges of
its extent, the Prow Pass Member is about 15m (50 ft) thick
and, like the Bullfrog Member, it is nonwelded and
zeolitized. The member has not been recognized and
probably is not present ouiside the Timber
Mounuwir-Oasis Valley caldera rompiex north of the area
shown in figure 4. The estimated exuacaldera complex
volume of the unit is only about 30 km? (8 mi%), but the
member may be several times thicker within the complex
where an equal or greater volume could be present.

The Prow Pass Member underlies all the construc-
tional lavas of the calcic Wahmonie-Salyer volcanic center
(Poole, Elston, and Carr. 1965; Pcole, Carr, and Elston.
1965; Noble and others. 1965) and the rhyolite lavas of the
Calico Hills (Chrisuansen and Lipman, 19 ;). The age
relations to the post-Crater Flat wiffs on the west rim of
Sleeping Butte caid=ra segment are unknown from strati-
graphic relations but the member may be older, on the
basis of an inferred upward increase of phenocrystic alkali
feldspar (fig. 5), typical of the later volcanic suites. The age
relations to the peralkaline Tub Spring Member of the
Belted Range Tuff (Sargent and others, 1965) are
uncertain, but the member undc;lies a phenocrysi-poor
green peralkaline ash-fall wiff that underlies the Grouse
Canyon Member of the Belted Range Tuff (fig. 5).

The calc-alkalic Prow Pass Member has some general
similarities in lithology to the Bullfrog Member, but it is
thinner, generally less welded, and practically devoid of
biotite. The unit is generally light gray, grayish pink, or
moderate orange pink wheredevitrified, but is light brown
wiere glassy at the type locality of the Crater Flat.
Petrographically, it is a unigue unit of all the silicic tuifs
of the region in that it contains orthopyroxene as the
dominant mafic phenocryst (fig. 5) and, in the extreme,
almost lacy resorption of the quaruz phenocrysts. Noother
ash-flow sheet in the region could be mistaken for this
unit. However, orthopyroxene is preserved only in the
glassy upper and lower parts of the cooling unit at the type
lccality of the Crater Flat Tuff; elsewhere the unit is
devitrified and only sraudgy opaque oxide pseudomorphs
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remain. The silica conter.ts of two deviuilied specimens
are shown grapbically in figure 5.

JYTS OF SLEEPING BUTTE AND THEIR RILATION TO
. CALDEIRA WALL

Rocks under :his heading comprise a sequence of three
similar ash-flow wif cooling units occupying the west rim
of the Sleeping Butte caldera in the vicinity of Sleeping
Butte (fig. 4). The caldera rim is delineated for several
miles by the axis of an easterly dipping monocline in the
wif. The tuffs of Sleeping Butte areslightly more than 300
m (1,000 ft) thick at Sleeping Butte. where the upper
cooling unit is weli exposed. Along the west rim ol the
caldera the monocline exposes 150-240 m (500-800 ft) of
the wlfs. The outcrop area shown in ligure 4 is delimited
by the onlap of younger rocks.

The monochine dips easterly under the peralkaline
Grouse Canyon Member of the Belted Range Tuff and
younger rocks, which [ill the Sleeping Butte caldera
segment. Near the southern end of the exposure, relatively
unfractured but locally vertically dipping tuffs of Sleeping
Butte probably onlap the highly fractured caldera wall
consisting of the Redrock Valley Tuff and the Bullfrog
Member of the Crater Flat Tulff, although the comact 1s
not exposed. The local vertical awitude in the onlapping
wffs of Sleeping Butte strikes north, parallel to the
inferred caldera wall, and is typical of the most easterly
exposure. The steep initial dip of the twffs probably
~ccurred as they were compacted and plastered against the

tping Butte caldera wall.

.The inferred younger age relaton of the twifs of
Sleeping Butte to the Prow Pass Member of the Crater Flat
Tuff is suggested partly by the close stratigraphic
succession of the units of the Crater Flat Tulf, and partly
by the increase of alkali feldspar upward. The unfractured
nature of the tuffs with respect to the highly fractured
Bullfrog Member also indicates their younger age,
probably as postcaldera tuifs draped over a wall composed
of the Bullfrog Member and older rocks.

The three ash-flow cooling units of the twifs include a
lower nonwelded 10 pardy welded. phenocryst-poor shard
tuff (zot shown in figure &), a middle purple welded tuff
that contains fluidal flow banding where it dips inward
(easterly) into the caldera, and an upper tuff, mainly
exposed around Sleeping Butte. Ali the wifls of Sleeping
Butte are mostly light purplish gray, light brown, and
micqocrystalline; basal vitrophyres are practicaliy non-
existent and the rocks are commonly mildly silicified and
sericitized 10 the extent that former plagiorlase pheno-
crysts are completely gone. Xenoliths are common and
consist mainly of altered silicic volcanic rock _..«d less
common pilotaxitic intermediate and mafic lava. The
fluidal flow banding of the middle unit, localiy vertcal,
occurs only at its eastern margin where it dips into the
inferred Sleeping Butte caldera.

The thin-section modes of the middle and upper wffs of
Sleeping Butie are pooled graphically i1n figure 5. The
lower shard-rich tuff is phenocryst-poor (2 to 3 percent
phenocrysts) somewhai aliered. and therefore not pocled
with the overlying unius. lis phenocryst percentages, based
on only two sections, are roughly similar to those of the
middle and upper unit; the chemical analysis (W. D.
Quinlivan and P. W. Lipman. writien commun., 1974)
indicates a more silicic rock at 75.1 percent $ 10, (water-
free) than the two phenocryst-rich specimens of the middle
and upper units (fig. 5). The middle and upper unis are
similag in modal peuography except for sparse
pigeonitic(?) clinopyroxene (low 2V, slighily pleochroic
in pale green and yellow) in addition to hornblende in the
upper unit. This is the oldest unit containing significant
clinopyroxene phenocrysis. The presence of pigeonidc
(low Ca)clinopyruxene in the highest suatigraphic unit of
the tuffs of Sleeping Butte 1s analogous to the occurrence
of orthopyroxene (low Ca) in the Prow Pass Member, the
uppermost cooling unit of the Crater Flat Tull.

High potassium (W. D. Quinlivar and P. W. Lipman,
written commun., 1974) 1n all three tuffs i1s due partly to
very minor sericite replacing plagioclase, but the
dominantly alkali feldspar phenocrysts indicate that mest
of the potassium is primary. Therefore, these youngest
rocks of the Sleeping Buute caldera center approach the
alkali-calcic composition of the overlying Paintbrush and
Timber Mounuains Tuffs and may be products of a late
alkali enrichment in the upper part of the Sleeping Butte
magma chamber.

TUFF OF TOLICHA PEAK

The tuff oi Tolicha Peak (Noble and Christiansen, 1968:
Rogers and others, 1968) is a local phenocrysi-poor
densely welded shard wilf, about 60 m {200 ft) thick, that
occurs above the Bullfrog Member of the Crater Flat Tuif
in drill hole UE20f (fig. 4; Orkild and others, 1969, coss
section A-A"). The unit crops out in the north half of the
Black Mountain 15-minutc quadrangle (fig. 2} and in the
southwest quarter of the quadrangle in the vicinity of
Quarz Mountain and Tolicha Peak (fig. 1) it was
peneurated in 2 drill hole in eastern Yucca Flat. The unitis
distinctive lithologically and also peuographically in that
it contains sparse quaru and plagioclase dominant over
alkali feldspar. The tuff may be related to the Sleeping
Butte caldera (Christiansen and others, 1976); however, E.
B. Ekren {oral commun., 1974; Ekren and others, 1971, p.
60) has evidence suggesting a source irom the north in the
Mount Helen area (fig. 4).

SIOTTTE-HORNBLENDE RHYOLITE LAVAS
WEST OF SPLIT RIDGE

Two calc-alkalic rhvolite lava flows and underlying
petrographically similar ash-flow and ash-fall tufis inter-
tongue with peralkaline members of the Belted Range
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Tuff and related lavas (Sargent and others, 1965; Noble,
Sargent, and others, 1968) 1n the uiangulaz salient
between Silent Canyon caldera, Timber Mounuain
caldera, and the peralkaline lava pile of Split Ridge (fig.
4). These rocks occupy approximately the same susu-
graphic position as the tuffs of Sleeping Butie; they also
contain homblende but are pewrographically more mafic
like the Redrock Valley Tuff (fig. 5). They are therefore
generally similar to other calc-alkalic rocks grouped under
Sleeping Butte caldera and are included here for
convenience. Magnetic polarity determinations by G. D.
Bath (written commun., 1965) indicate a reverse orienta-
tion in these rocks in contrast 10 normal remanent
magnetization of the enclosing peraikaline rocks.

The tvo lavas and underlying tuffs were called quaru
latite flows and quartz latite twif on the geologic map of
the Ammonia Tanks quadrangle (fig. 2; Hinrichs and
others, 1967); however, the one analyzed vitrophyre of the
lower, more mafic, plagioclase-rich lava is chemically
rather silicic at 73.9 percent SiO» (fig. 5), and woal alkalis
2re 7 percent (W. D. Quinlivanand P. W. Lipman, written
commun., 1974); hence these rocks are called rhyolite in
this report and on the geologic map of the Timber Moun-
tain area (Byers and others, 1976). Hinrichs, Krushensky,
and Luft (1967) show a maximum thickness of 364 m
(1,195 ft), comprising 114 m (375 ft) of underlying tuff, 174
m (570 ft) of lower lava, and 76 m (250 ft) of upper lava.
The lower flow is a thick lenticular exposure in a short
canyon tributary to Timber Mountain caldera; the over-
lying and underlying units are mere swratiform and do not
pinch out within the exposed area.

The biotite-hornblende tufl-lava sequence west of Split
Ridge is transected by green, peralkaline feeder dikes and
vent breccias of the rhyolite complex of Split Ridge and is
also overlain by greenish-gray peralkaline bedded tuff-
breccia under the rhyolite lava of Split Ridge, which in
turn underlies the Grouse Canyon, the upper member of
the Belted Range Tuff. The sequence overlies greenish-
yellow peralkaline bedded tuff that in turn overlies the
Tub Spring, the lower member of the Belted Range Tulf.

The basal wiffs include two, possibly three, nonwelded
ash-flo.s tuffs as much as 23 m (75 ft) thick, and inter-
calated bedded wff. They ar~ yeliowish gray, weather
lighter gray, and are typical of calc-alkalic zeolitized tuff
stratigraphically between the Grouse Canyon Member
and the Crater Flat Tuff in the area between Yucca Flat
and Timber Mountain caldera (fig. 4). The phenoayst
mineralogy of these basal tufls is generally similar to that
of the overlying biotite-hornblende rhyolite 1avas.

The lavas superficially resembl!s other calc-alkalic
thyolite lavas associated with the Timber Mountain-Oasis
Valley caldera complex. Both iavas have a glassy breccia
envelope. a dark basal vitrophyre, and a purplish-gray
fluidal flow-banded middle part with conspicuous small

phenocrysts.less than 2 mm, of {eldspar, biotite, and horn-
blende (fig. 5). The occurrence of a few phenocrysis of
sphene in every thin section of these lavas contrasts with
the sporadic occurrence of sphene 1n other volcanic rocks
of the Sleeping Buute caldera.

PERALKALINE ROCKS OF SILENT CANYON
CALDERA

A complete description of the peralkaline rocks related
to the Silent Canyon caldera center is beyond the scope ol
this paper: these rocks are described elsewhere (Sargent
and others, 1965; Noble, Sargent, and others, 1968; Orkild
and others, 1968; Orkild and others, 1969; Sargent. 1969
Noble and others, 1969; Noble, 1970; and Christiansen and
others, 1976). These unique rocks, however, provide an
extremeiy Lieipful datum for stratigraphic assignments of
the rocks of the Timber Mounwain-Qasis Valley caldera
complex and, therefore, are mentioned briefly here.

The comenditic Tub Spring and Grouse Canyon
Members constitute, respectively, the lower and upper ash-
flow sheets of the Belted Range Tuff (Sargent and others,
1965). Many peraikaline lava flows, including the rhyolite
lava of Split Ridge, are genetically related to these sheets
and occur within and around the Silent Canyon caldera
ceniter (Noble, Sargent. and others, 1968). The Tub Spring
Member overlies the Crater Flat Tuff in dnll bole UE20)
(fig. 4), and the exposed uppermost partof the Tub Spring
underlies the calc-alkalic bioute-hormblende rhyolitc
rocks west of Split Ridge. The Grouse Ca: on Member is
much more widespread, covering about 5,000 km? (3,000
mi?) (Noble, Sargent. and others, 1968, p. 67), and
represents the peak of peralkaline igneous acuvity. The
maximum extracaldera thickness is about 90 m (300 ft),
and the original volume of the member is about 200 km?
(50 mi?). The Grouse Canyon and related peralkaline
rocks (fig. 5) separate the underlying calc-alkalic rocks of
the Sleeping Butte caldera from overlying similar calc-
alkalic effusives that were erupted from the Area 20 center
lai¢ in the development of Silent Canyon caldera.

STOUCKADE WASH TUFF
AND RELATED CALC-ALKALIC ROCKS
ASSOCIATED WITH SILENT CANYCN CALDERA

The Stockade Wash Member was first named by
Hinrichs and Orkild (1961, p. D98) as a unit of the Oak
Spring Formation from the thick exposure in Stockade
Wash south of Rainier Mesa (fig. 6). The meraber was
mapped in Rainier Mesa {Gibbons and others, 196%) and
Tippipah Spring quadrangles (fig. 2; Orkild, 1963). Poole
and McKeown (1962, p. C61) raised the rank cf the Oak
Spring to group status and divided itinto the Indian Trail
and Piapi Canyon Formations. Their Piapi Canyon
included. in ascending order, the Survey Butte. Stockade
Wash. Topopah Spring, Tiva Canvon. and Rainier Mesa
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Members. Later Orkild (1965) abandoned the Oak Spring | division of these formations, which included the Stockade
Group and raised the Piapi Canyon to group. consisting | Wash Member at the base of the Paintbrush, is shown in
of the Paintbrush and Timber Mountain Tuffs. His sub- | the left column of figure 7.
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The Stockade Wash Member is herein removed as the
basal unit of the Paintbrush Tuff and raised 10 forma-
tional rank (second column, fig. 7) because :: is litho-
logically and petrologically unlike the ash-flow tuff units
of the Paintbrush and appears more closely related to the
calc-alkalic tuffs and rhyolite lavas of Area 20 in Silent

Wash Tulf and closely related units is shown in figure 6.

The wiff reaches its maximum thickness of slightly more
than 120 m (400 ft) along the west side of Rainier M¢_a and
also in the low hills north of Frenchman Flat (fig. 6) where
Hinrichs and McKay (1965) mapped the unit as the
Stockade Wash(?) Member. Subsequent field and petro-
graphic work have established the identity of their unit in
the northern Frenchman Flat area with that at the type
section. The volume of the Siockade Wash Tuff is
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probably between 20 and 40 km? (5 and 10 mi?), depending
on its largely unknown thickness and extent under Yuca
and Frenchman Flats.

The areal distribution patiern of the Stockade Wash,
trenaing generally southeast from Silent Canyon caldera,
is similar wc that 2{ the peralkaline ash fall of the Belted
Range Tuff (Noble and others, 1968, fig. 2), which came
from Silent Canyon caldera, and is unlike the distribution
patterns of members of the Paintbrush Tuff (figs. 8, 9)
which originated in the southern or southwesiern part of
the Timber Mountain-Oasis Valley caldera complex. The
closest exposure of the Stockade Wash Tult to the type
section of the Paintbrush is about 15 miles.

The Stackade Wash Tuff, where present in the Rainier
Mesa and Yucca Flat areas, rests on 2eolitic tuffs of the tuffs
andrhyoli:e lavas of Area 20 but has ot been recognized in
drill holes inside Silent Canyon caldera (figs. 6and 7). The
lithic-rich ash-flow wif in the lower part of the wffs and
rhyolite lavas of Area 20 within Silent Canyon caldera

(Orkild and others, 1969) has al:o been recognized in
several drill holes in Yucca Flat where it reaches a
maximum thickness of 64 m (210 ft). The lithic-rich ash-
flow tulf is separated from the overlying Stockade Wash by
less than 10 m (35 ft) of zeolitic lithic-rich bedded wif and
rests on the Grouse Canyon Member of the Belied Range
Tufl. The Stockade Wash Tuff is overlain by quartz-free
{riable glassy bedded tuff of the Paintbrush Tuff (Orkild,
1965), although, locally, a few metes (10 ft) of zeolitic
lithic-rich bedded tuif occurs beiween the Paintdrush and
the Stockade Wash. The best correlation of the Stockade
Wash, based on petrography, is with the lower part of the
lower rhyolite lava of the tuffs and rhyolites of Area 20 (see
fig. 5), analogous to the relation of the Bullfrog Member
of the Crater Flat Tuff with the petrographically similar
lava (fig. 5). The Stockade Wash Tulf was probably
erupted from the same magma as the lower lavas just
before, in between, or just after the sequence of several
lower rhyolite lavas of the tuffs and rhyolites of Ar=a 20,
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which underlie the Paintbrush Tuff (lig. 7: Orkild and
others, 1969). Therefore, where zeolitic quaru-bearing
lithic-rich wiff are present beneath or just above the

Stockade Wash, they are assigned to the tufls and rhyolite
lavas of Area 20, rather than to the Paintbrush Tuff (fig. .

The Siockade Wash Tulf is a simple cool.ng unit of
massive nonwelded to partly welded ash-flow wff having
4-9 percent of smal! phenocrysts generally less than | mm
in length. It is characterized in the field by randomly
oriented orangs pumice fragments that average half an
inch in length in a pale-yellowish-gray to light-yellowish-
brown matrix. Locally the wulff is zeolitized at the base
(Hinrichs and Orkild, 1961, p. D98; Gibbons and others,
1963). Desgite its partly welded character, the Stockade
Wash Tuff is a cliff-former and locally south of Stockade
Wash contains rosettes of closely spaced polygonal joints
possibly localized by tumaroles during cooling.

The Stockade Wash Tulf lithologically and miner-
alogically resembles two local massive nonwelded to very
slightly welded simple cooling units, one of which is
{found outside the Silent Canyon caldera on the ecast and
the other within the caidera {fig. 6). The one east of Silent
Canyon caldera was mapped as Stockade Wash(?) Member
of the Paintbrush Tuff in Quartet Dome quadrangle (fig.
2: Sargent and others, 1966). This cooling unit is likewise
raised in rank to Stockade Wash(?) Tuff. The other cooling
unit that resembles the Stockade Wash is the wif of
Blacktop Buties (cols. 5 and6. fig. 7. Hinnchs and others,
1967; Orkild and others. 1969), which is entireiy confined
within the Silent Canyon caldera (fig. 6). This tuff inter-
tongues with the Paintbrush Tuff (as restricted in this
paper) and was mapped with the Paintbrush on two
geologic maps (Hinrichs and others, 1967; Orkild and
others. 1969). Because of its lithologic similanity to the
Stockade Wash, however, this tuff is herein regarded as
local informal unit separate from the Paintbrush.

The Stockade Wash and Stockade Wash(?) Tuffs and the
wlf of Blackiop Buttes are all characterized by sparse 10
abundant dark-greenish-gray dense devitrified xenoliths
of peralkaline volcanic rock. These xenoliths closely
resemble the peralkaline rocks, including the deviurified,
microcrystalline facies of the rhyolite of Split Ridge and
the Grouse Canyon Meinber of the Belied Range Tuft
from the floor and the rim of Silent Canyon caldera. We
therefore infer that these units were extruded from vents
inside or on the rim of Silent Canyon caldera.

Average modal analyses of the Stockade Wash Tulf,
Stockade Wash(?) Tuff, and wiff of Blacktop Buttes are
compared in figure 5 with the l2vas of the uils and
rhyolites of Area 20; the intracaldera lavas are arbitrarily
placed together. The modes suggest that the Stockade
Wash and Stockade Wash (?) Tuffs each may generally
correlate with the lower and the upper lavas, respectively,

of the tuffs and rhyolites of Area 20. The Stockade Wash(?)
Tulf, therelore, probably slightly posidates the type
Stockade Wash and is a separate cooling unit. The wull of
Blacktop Buttes is known to be the youngest, for it post-
dates all the lavas of Area 20 {Orkild and others, 1969) and
intertongues with two lavas related to the Paintbrush Tuli
{cols. 5and 6, fig. 7). In conuast with thin-section modes ol
Paintbrush Tuff units, the Stockade Wash and related
wifs contain common to abundant quartz and no
clinopyroxene, although clinopyroxene has been found .
a minor constituent of heavy-mineral separates.

Percentages of nonmagnetic heavy mineral separatcs
from the Stockade Wash Tufl and probable related calc-
alkalic units associated with the Silent Canyon caldera are
compared with those separated from some unus ol the
Paintbrush Tuff in table 2. The wifls and rhyolite lavas of
Area 20, the Stockade Wash Tulfl, the Stockade Wash(?)
Tulf. and the (:ff of Blacktop Buttes are all charactertzed
by a high allanite/sphene ratic and very low content of
augite in contrast to alkali-calcic tuff units of the Paint-
brush. In the Topopah Spring Member. however, the
paucity of both ailanite and sphene makes the rauo
insignificant for comparison. None of the three Paint-
brush units contain orthopyroxene in the heavy mineral
assemblage, but the Stockade Wash Tuff and wlff of
Blacktop Buties each contain | percent. The trace amounts
of aegirine-augite ins the tuffs and rhyolite lavos of Area 20.
as well as in the Stockade Wash (?) Tulf anc .n the wilf of
Blacktop Buttes. may have been derived from abunadant
peralkaline xenoiiths.

Chemical analyses of the lavas of Area 20 and the
Stockade Wash Tuff were made (W. D. Quinlivan and P.
W. Lipman, written comiaun., 1974); silica percentages of
glass and diviuified rocksare plotted in figure 5. The lavas
of the tuffs and rhyolites of Area 20 become progressively
more silicic upward. The de.itrified specimens are
relatively enriched in silica with respect o the glassy
specimens.

In summary, the Storkade Wash and the wuff of Blackiop
Buttes are removed from the Paintbrush Tuff and from the
Piapi Canyon Group. The Stockade Wash israised in rank
10 a separate tuff formation, because icis lithologically and
petrographically unlikc any units in the Paintbrush Tuff
but does show lithologic and petrographic affinities to late
effusives occurring entirely within the Silent Canyon
caldera The Stockade Wash(?) Member of Sargent, Luft,
Gibbor:s, and Hoover (1966), which occurs just eastof ~.nd
outside the Silent Canyon caldera, is also raised in rank
but is retained as a queried unit because its petrographic
features suggest that it correlates with a slighdy higher
part of the intracaldera sequence. The wif of Blacktop
Buttes (Hinrichs and others, 1967; Orkild and others,
1668), the youngest ash {low entirely confinad to the Silent
Canyon caldera, is regarded as an informal unit not
assigned to a formally named formaticn.
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PAINTBRUSH TUFF AND ROCKS RELATED TO
CLAIM CANYON CAULDRON

GENERAL FEATURES
ORIGINAL AND REDEFINITION OF THE PAINTBRUSH TUFF

The Paintbrush Tulf was defined by Orkild (1965. p.
A49) from exposures in Paintbrush Canyon. a small gulch
6.4 km (4 i) northeast of Yucca Mounuain (figs. 1, 8). The
most complete siratigraphic section, however, is on the
north end of Yucca Mountain where four members are
well exposed. The Topopah Spring and Tiva Canyon
Members are widespread welded ash-flow sheets that were
first defined as members of the former Oak Spring
Formation (Hinrichs and Orkild, 1961, p. D97) in the
Yucc: Flat area (figs. 1. 2). These members wer sub-
sequently inrluded in the Piapi Canyon Formation of the
Oak Spring Group (Poole and McKeown, 1962, p. Cb1).
The Yucca Mountain Member of the Piapi Canyon
Formation was described by Lipman and.Chnistiansen
(1964) and occurs between the Topopah Spring and Tiva
Canyon Members (fig. 7) in the Yucca Mounaain area ({ig.
8). Orkild (1963) included the Stockade Wash Member
(Stockade Wash Tuif of this paper), the Topopah Spring
Member. a newly defined Pah Canyon Member, and the
Yucca Mouniain and Tiva Canyon Members in his Paint-
brush Tulf (fig. 7) of the Piapi Canvon Group.

Th= Paintbrush Tulff is here redefined to include, in
ascending stratigraphic order, the Topopah Spring, Pah
Canyon, Yucca Mounain, and Tiva Canyon Members
and similar, quartz-pooy, informal ash-flow and ash-fall

Busdsse preceniage duproporionserly low wilh reipeet 10 ather Malx minerals owing
10 O ulslIOn 18 Magtene

tuffs that occur between the top of the underlying Stockade
Wash Tuff, as herein defined, and the base of the over.
lying Rainier Mesa Member of the Timber M suntaia
Tulf, except for thin local bedded lithic-rich tuff that
occurs just above the Stockade Wash (fig. 7). Excluded are
the Stockade Wash Member, which was part of the
original definition (Orkild, 1965), and also quartz.
bearing, lithic-rich tuffs of the tuffs and rhyolites of Area
20, which occur between the Belied Range and Stockade
Wash Tuffs and locally just above the Stockade Wash
Tufl. In the Yucca Flat-Rainier Mesa area, these lithic-rich
tuffs were included in the Paintbrush by Orkild (196%) as
part of the now-atandoned Survey Butte Member (Poole
and McKeown, 1962; Orkild, 1965) before the strati-
graphic position of the lithic-rich tuffs in the subsurface of
Area 20 was known (Orkild and others, 1968 and 1969).
Where the Stockade Wash Tulf is missing, the lower
contacy of the Paintbrush can almost always be recognized
within“a few metres (several [eet) as glassy quaruz-poor
friable tulf lying on zeolitic quariz-bearing lithic-rich tuff.
In northeastern Yucca Flat and locally elsewhere in and
around Yucca Flat (fig. 8), bedded wif of the Paintbrush
rests directly on the Belted Range Tulf or on a local thin
peralkaline bedded sequence just above the Belted Range
(Sargent and others, 1965; Noble and others, 1968).
BEDDED TUFF

Thebedded tuff of the redefined Painibrush, is generally
recognized by the glassy state of contained shards and
pumice lapilli and by its somewhat lesser induration than
that of the underlying bedded tuif. The distinguishing
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petrographic feature of all except the uppermost part is the
near absence of guaruz, by comparison with the under-
lying and ox <rlying rocks. In the uppermost 6-12 m (20-40
f1) of the bedded tufl, quartz increases upward and becomes

cross sections shown

dominant in the overlying Rainier Mesa Member of the
Timber Mountain Tufi. The lower partof the bedded rulf,
as observed in cores of some drill holes in Yucca Flat (fig.
8), has been locally zeolitized and indurated but, neverthe-
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less, contains fewer lithic fragments and much less quartz | twffs are glassy, the base of the bedded uif of the Pain:-

than the underlying iithic-rich tuffs of the tuffs and | brush is at the top of the Stockade Wash Tuff. Although

‘olites of Area 20. At a few places along the east wall of | induration by zeolitization does, in places, cross the lower

aber Mcuniain caldera (fig. 8) where the lithic-rich | stratigraphic contact of the bedded tuff, the relative
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abundance of quartz and lithic fragments is the best
criterion [or separating the bedded tuff of the Paintbrush
from the underlying lithic-rich twffs of the wfls and
rhyolites of Area 20. '

On the ™-minute quadrangle maps (fig. 2), bedded tuiff
of the Paintbrush was not distinguished consistently from
the underlying lithic-rich wils and from interionguing
bedded 1uff of the Wahmonie Salyer volcanic center t0 the
south (fig. |; Poole, Carr, and Elston, 1965). Moreover, on
the north and south rim of Timber Mountain caldera,
some beds within the Paintbrush Tuff coarsen into twuff
breccia toward lava vents and intertongue with rhyolite
lava. In some places the tuff breccia was included with the
lava flows; in others, it was mapped as bedded tuff. On the
geologic map of the Timber Mountain caldera area (Byers
and others, 1976), the bedded tuff map unit includes
bedded tuff of the Paintbrush, lithic-rich bedded and
nonwelded ash-flow tuffs of the 1uffs and rhyolites of Area
20, tuff-breccia around rhyolite lava vents, and other
minor local nonwelded ash flows, such as the wiff of
Blacktop Buttes. The grouping together of all this light-
colored porous tuff sequence that occurs between the
underlying Belted Range Tulf and the overlying Timber
Mounain Tuff was necessitated by the difficulty in
separating these various units in the field within the time
allotied for the completion of maps at the Nevada Test
Site. Drill cores have provided the means for positive
separation and identification of these units in the sub-
surface, in contrasi 1o their generally low profile in
oultcrop.

GEOLOCIC RELATIONS BETWEEN WELDED ASH-FLOW
TUFFS. LAVAS, AND CLAIM CANYON CAULDRON

Welded ash-flow tuff members of the Paintbrush Tuff
intertongue with genetically related, alkali-calcic lavas
that are not part of the Paintbrush and are within the
Claim Canyon auldron segment, which is the exposed
high-standing southern remnant of the now lasgely buried
Claim Canyon cauldron (fig. 8). Eruption of the members
of the Paintbrush Tuff resulted in cauldron subsidence in
overlapping areas within the inferred limits of the Claim
Canyen cauldron shown in figure 8. All four wff members
are probably present within the buried part of Claim
Canyon cauldron. The lowermost member, the Topopah
Spring, is not exposed within the cauldron segment, buta
fragment of intracauldron facies that was included in the
Timber Mountain caldera debris flow was cored at 2 depth
of 1,402 m (4,600 ft) in drill hole UE18: (fig. 8); hence, the
site of UE18r was probably within the cauldron. North of
Timber Mountain caldera, lavas intercalated with ash-
flow wlf units are exposed in the wall of the caldera and
were penetrated in drill holes north of the wall. Flow
directions in the surface exposures indicate a southerly
source (Cummings, 1964), probably from the rim area of
the now-buried Claim Canyon cauldron within a few
miles to the south.

Welded ash-{low tulfs of the Paintbrush Tuif and inter-
calated lavas are several times thicker (table 3) inside the
Claim Cunyon cauldron segment than where they are
exposed on the cauldron rim (lig. 8). A total thickness of
more than 3,000 m (6,500 ft) of Paintbrush Tulf and inter-
calated lavas is present inside the Claim Canyon cauldron
segment, but the Topopah Spring Member is not exjuned.
The wif of Chocolate Mounwuain and the tulf of Pinvon
Pass are informal map units of the Painibrush [uff
entirely within the Claim Canyon cauldron segmen: (sce
fig. 7). The wif of Chocolate Mountain (uable 3) 1\ an
exuemely thick intracauldron welded quaruz lanite
caprock of the Tiva Canyon Member and, at one critical
exposure, grades Jownward within a stratigraphic
interval of about 50 leet into the underlying main part of
the Tiva Canyon Member. The tuff of Pinyon Pass is a
separate overlying cooling unit which closely resembles
the main part of the Tiva Canyon but-is not considered
par: ~f it Lecause of the complete cooling break between
the units,

Tasts 3.—Thicknesses and K-Ar ages of Paintbrush Tuff umits end
genetscally related lovas wuhin Clasm Canyon cauldron segment
and outside on ceuldron rim
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LITHOLOG Y AND FIELD RECOGNITION

There are few unique criteria that can be used to dis-
tinguish individual welded tulf units of the Paintbrush
Tuff in the field. Locally strong crysiallization owing to
slow cooling has destroyed primary textures, and so in
places it is difficult 10 distinguish tuffs from intercajated
lavas. The field geologist, following a long period of
famriliarization, eventually learns to distinguish on the
basis of very subule differences, individual cooling units ir
a restricted area. Part of the problem of field identification
arises from the fact that lithologic variations within
individual welded tuff units tend to be similar for all units
and to be much more conspicuous than variations between
equivalent parts of separate units.

All the welded ash-flow units of the Paintbrush Tuff
and even the intercalated lavas have crysiallicaiion zones
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similar 10 those described by Smith (1960b), and most cf
the lithologic contrasts observed in outcrop are related 1o
" these ones. Color, for example, is related to crysaailiza-
uon tones in the following way: dark gray to black, glassy:
brownish gray, cryptocrystailine; light brownish gray 10
purplish gray, microcrysaalline; and light gray, coansely
microcrysaalline with granophyric texture in pumice
lenticles. The light-gray granophyric tufls are typical of
the thick intracauldron sheets. The degree of welding 1s
also similar for each ash-flow cooling unit and tends to be
moderate 10 dense except at the very distal edges of the
units. Notwithsianding these similarities there are a few
features, such as lithic content, pumice content and size,
and compositional zonations, that the experienced
geologist can use in making field identifications.
Generally modal analyses are necessary to identify a unit.

TOPOPAIL SPRING MEMBER

The Topopah Spring Member of the Painibruch Tufl
has been rather thoroughly described by Lipman,
Christiansen, and O'Connor (1966); therefore, only the
salient features are summarized here. The Topopah
Spring, whose distribution is shown in figure 8, extends
generally east of the Tiva Canyon Member but overlaps
the member by more than 50 percent. Variations in thick-
ness, with amaximum thickness of nearly 275 m (900 [t) on
the west flank of the CP Hills (fig. 8), are mainly the result
of paleotopography. The member is not exposed inside
the Claim Canyon cauldron segment but an unknown
volume of it is buried there. The total extracauldron
volume is about 160 km? (40 mi?®) (Lipman, Christiansen,
and O’Connor, 1966); probably more than 250 km?® (60
mi?) was erupted.

The unit has a high-silica rhyolitic lower z0n¢ and a
quarz latitic upper zone or caprock. Near the south rim of
the Claim Canyon cauldron segment (fig. 8) a middle
xenolithic subunit containing granitic [ragments
separates the lower and upper parts (Lipman,
Chrisdansen, and O’'Connor, 1966, fig. 18). Densely
welded quartz latitic bedded tuff, which occurs at
Prospector Pass (fig. 8) just west of the cauldron segment,
overlies the high-silica rhyolite zone and is probably very
near the source area of the Topopah Spring area(Lipman,
Chrisuiansen, and O'Connor, 1966, p. F26).

The modal compositions of the lower and upper
compositional zones are shown in figure 3: the Topopah
Spring isdistinguished modally fruin all other members of
the Paintbrush Tuff by the lack of sphene. The rhyolitic
lower part of the T opopah Spring is also distinguished
readily by a high plagiociase-to-alkali feldspar ratio, but
the quaruz latitic caprock of the Topopah Spring is dis-
tinguished from younger caprocks of the Paintbrush
mainly hy the absence of sphene. Chemical analyses of the
lifferent ash-flow units of the Topopah Spring Member

“~—"were published by Lipman, Christiansen, and O'Connor

(1966, table 2); the silica ranges of the high-silica rhyolite
and quartz latite are shown in figure 9.

The Topopah Spring Member can also be identified by
its normal thermal remanent magnetization (G. D. Bath,
written commun., 1965), in contrast 1o reverse polarities of
younger units of the Paintbrush Tuff. Its K-Ar age is 13.2
m.y., in conwrast to an average 12,5 m.y. for the Tiva
Canyon Member (table 2).

PAH CANYON MEMBIR AND RELATED PRE-PAH LAVAS

The Pah Canyon Member is lithologically similas 1o the
quarz latitic caprock of the Topopah Spring Member but
is a simple ash-flow cooling unit without compositional
zoning. Also, ius silica content—74 percent (fig. 9)—{(alls
in the rhyolite range in contrast to that of the Topopah
Spring caprock, which is in the quartz latite range of 69-72
percent. Flattened pumice lenticles, less than 2 ¢m in
length, contrast with larger ones in the Topopah Spring.
Sparse 10 common .mall cognate inclusions, mostly less
than 0.5 ¢m, are distributed throughout the Pah Canyon.
The extracauldron extent of the Pah Canyon isonly about
200 km? (75 mi?) (fig. 10). The extracauldron volume of the
Pah Canyon does not exceed 20 km? (5 mi?), but an equal
or greater volume of the tuff must be conuained within the
Claim Canyon cauldron, for the average thickness of the
tuff inside the cauldron is at least three times that of the
tuff outside. The buried areal extent inside the cauldron is
probably greater than that outside the cauldron.

Two lave flows underlie the Pah Canyon wit..n the
Claim Canyon cauldron segment (figs. 3, 7). Their modes
are pooled and are similar to but slightly more malic than
that of the Pah Canyon (fig. 9). These pre-Pah Canyon
lavas are the lowest stratigraphically in the Claim Canyon
cauldron segmentand are also closest to the cauidron wall,
near which they are brecciated and silicified.

LAVAS AND ASH-FL.LOW TUFF 3ETWEZN PAH CANYON
YUCCA MOUNTAIN MEMBERS

One or more lava flows of similar composition were
extruded on the Pah Canyon Mcmber before eruption of
the Yucca Mountain Member within and just outside the
Claim Canyon cauldron segment (fig. 10). At about the
same time a local ash-flow wif and two overlying lava
flows were poured northward into Silent Canyon caldera
(Cummings, 1964; David Cummings, written commun.,
1964) from the now-buried Claim Canvon cauldron. The
local ash-flow tuff to the north was penetrated only indrill
holes UE19f and UEI9i (fig. 10). On the north side ot
Timber Mounuin caldera, the Pah Canyon and Yucca
Mountain Members are not exposed or penetrated in dnill
holes, and so the local lavas and underlying wff occur
between the Topopah Spring and Tiva Canyon Members.
The petrography (fig. 9) and cooling history of these local
intercalated units on the north side, however, indicate that
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EXPLANATION
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Ficurz 10.—Areal exient of Pah Canvyon and Yucca Mounuin Members of Paintbrush Tuif

they were probably extruded between LE}c timesof eruption | 60 m (200 i) thick, related to lava venting occurs between
_ol the Pah Canyon and Yuc.c: Mouqmn Members. Where | the members, except where two erosional remnants of lava
both members 2re exposed just outside the Claim Canyon | fronts are preserved: one at the north end of Yucca Moun-

* cauldron segment, coarse-bedded ash-

fall wff, as much as | wain and the other 3.2 km (2 mi? south of the head of Pah
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Canyou (fig. 10). The local ash-flow tulf and all the lavas | field (G. D. Bath, written commun., 1965), and is typical of
at this stratigraphic position on both north and south | post-Topopah Spring units of the Paintbrush.

sides of Timber Mountin caldera have a thermai The lavas between the Pah Canyon and Yucca Moun-
remanent magneti>m that is reverse to the Earth’s present | tain Members in Claim Canyon cauidron scgment are
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pyroxene bearing and are almost identical in modal petro-
graphy 10 the lower lava flow on the porth side in Silent
Canyon caldera. These lavas differ from the Pah Canyon
in that sphene is more common and alkali feldspar pheno-
crysts are dominant over plagioclase; the modal ranges
shown in f{igure 9 represent seven thin-section modes
from the south side pooled with five from the nonth side of
the Timber Mountain-Oasis Valley caldera complex. The
74-percent silica content of the lower lavas indicates a
rhyolitic compositioa similar 10 that of the Pah Canyon.

The local ash-flow tuff penetrated in drill holes UE19i
and UE19{ (lig. 10) is closely associated with theoverlying
pyroxene-bearing lava flow. This ash flow is locally {used
beneath the lava flow, as penetrated in drill hole UEIH
(figs. 10, 11). Indrill hole UEL9i, 4 km (2% mi) farther away
from the inferred volcanic source, the two units are
separated by nonwelded wif, and a basal virrophyre is
present in the lava. Although the tuff resembles the Pah
Canyon Member lithologically and was shown as Pah
Canyon in a cross section by Hinrichs, Krushensky, and
Luft (1967, section A-A4”), both the wif and the overlying
pyroxene-bearing rhyolite lava (Byers and Cummings,

. TIMBER MOUNTAIN-OASIS VALLEY CALDERA COMPLEX. NEVADA

1967) have similar phenocryst ratios (table 4). The sudb-
surface wff, morcover, differs modally {rom the Pah
Canyon Member-of the Paintbrush Tulf south of Timber
Mountain caldera mainly in the sanidine/plagioclase
phenocrystratio(2:1). The Pah Canyon Member has about
equal sanidine and plagioclase phenocrysts in the menle
and conuwains other petrographic features that relawe it
more closely to the underlying Topopah Spring Membxr
The petrographic evidence and close association with the
overlying pyroxene-bearing lava indicate that the kxal
subsurface tuff is probably slightly later than the Puh
Canyon Member and therefore is considered a hnul
informa! unit of the Paintbrush Tuff. The close spatial
and temporal association of the tff and the lava,
combined with their close petrographic similarity also
suggest that they were probably erupted from the same
Claim Canyon cauldron vent, probably just inside the
present north wall of the Timber Mountain caldera.
The upper, hornblende-bea-ing lava flows are exposed
in the north wall of Timber Mountain caldera (fig. 10.
They originally flowed only a short distance northward
(Cummings, 1964; David Cummings, written commun.,

A . A
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1964). as shown by the fact that they have not been
penetrated by the extensive drilling in Silent Canyon
caldera. Two lava flows of slighuy different modal
compositions are exposed. The volumetrically larger of
the two lava flows is as much as 125 m (400 f1) thick and is
separated from the underlying pyroxene-bearing rhyolite
lava by 75 m (259 ft) of coarse, near-vent wuff breccia. The
overlying Tiva Canyon Member pinches out over the
thickest part of the larger hornblende-bearing lava flow.
There are two exposures of this flow separated by a thick
paleovalley [lilling or source-vent filling of post-Tiva
Canyon biotite-bearing lava (Byers and Cummings, 1967;
Byers and others, 1976). Two thin-section modes from
each of the two exposures are very similar and are pooled
on figure 9. Two chemical analyses (W. D. Quinlivan and
P. W. Lipman, written commun., 1974) indicate that the
homblende-bearing lava approaches high-silica rhyolite
in composition (fig. 9). One thin section from the smaller
flow at the same stratigraphic position slightly westof the
larger flow is petrographically similar but contains a sub-
ordinate amount of quaru phenocrysts.

YUCCA MOUNTAIN MEMBER

The Yucca Mountain Member (Lipman and
Christiansen, 1964) is a simple cooling unit of uniform,
nearly phenocryst-free, high-silica rhyolite (fig. 9} even
where it is 335 m (1,100 f1) thick within the Claim Canyon
cauldron segment (table 3). Outside the Claim Canyon
cauldren segment, a small thin lobe is present east and
south of Pah Canyon (fig. 10) and a larger lobe with a
maximum thickness of about 75 m (250 ft) occupies about
100 km? (40 mi?) around northern Yucca Mountain and
northern Crater Flat. Cnlv about 8 km!? (2 mi®) is picsent
outside the cauldron and roug':!v an equ~! volume can be
inferred within the Claim Canyon c2uldron segment.

The member differs from all other uniiz of the Paint-
brush Tuff, in having less than ! percent phenocrysts,
larzely sodic saniaine. Sparse small pumice lenticles and
grayish-red xenoliths less than | cm in length are strewn

Tinclvdrs opague onwrs net Wilwd wrparseety
‘Clanoprronene slered a sosvely drviunind mumer of tave New

through a matrix of shards or devitrified groundmass. The
unit has distinct crystallization zones with brownish-gray
to gray glassy upper ~nd lower zones and a pale-purplish.
gray middle zone, which contair: irregular white
lithophysae where it is thick.

The field and petrochemical evidence indicate that the
Yucca Mounwin Member postdates not only the
clinopyroxene-bearing lavas but probably also the
hornblende-bearing lavas exposed in the north wall of
Timber Mountain caldera where the Yucca Mountain is
absent. Between the Yucca Mountain and overlying Tiva
Canyon Member. only a foot or two of [ine-grained ash-
fall wff. typical of the initial phase of the Tiva { .nvon
eruption, is nearly everywhere present; no coarse tuff
breccia that would indizate nearby lava vents has been
found between the members. This close stratigraphic
association and the petrochemical trend toward increasing
phenocrysts and decreasing silica content  sirati-
graphically upward (fig. 9) indicate that the Yucca Moun-
tain Member is an early eruptive phase of the same magma
chamber that supplied the Tiva Canyon. Moreover, very
little time, probably measurable in tens of years, elapsed
between eruptions of the two members, {or little if any
erosion has been observed on the Yucca Mountain where it
is overlain by the Tiva Canvon. Theeruption of the Yucca
Mountain, therefore, was probably very close io that of the
Tiva Canyon Member in time and was almost cerainly
later than the extrusion of the hornblende-bearing
rhyolite lava.

TIVA CANYON MEMBER

The Tiva Canyon Member consists of a main part—a
compositionally zoned extensive ash-flow sheet—and an
upper thick quartz latite, the tuff of Chocolate Mountain
{Christiansen and Lipman, 1965; Bvers and others, 1976},
which is herein included as part of the redefined Tiva
Canyon Member. Qutside the Claim Canvon cauldron
segment ({ig. 8), the main partof the Tiva Canyca, like the
Topopah Spring Member, is compocitionally zoned (fig.
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9); inside, the wulf of Chocolate Mountain overlies rhyolite
of the lower main part of the Tiva Canyon above a thin
transition zone characierized by crystal-rich quarnaz latitic
pumice lenticles in a2 mauix of welded crysial-poor
rhyolite.

In it type section a1 Tiva Canyon (lig. 8), the member is
107 m (350 [v) thick, and the maximum thick.aess, west of
Beatty, is about 200 m (700 ft). The unit extends [or about
115 km (10 mi) along a broad arcuate belt outside the
southern wall of the Claim Canyon cauldron segment.
The distribution of the member is similar to that of the
Topopah Spring Member, except that the Tiva Canyon
extends not as far east and somewhat [arther west—just
barely into California. The Tiva Canyon was mapped by
Cornwall and Kleinhampl (196+4) as cooling unit 3 of their
Bullfrog Hills caldera. In Silent Canyon caldera, two lobes
of the Tiva Canyon each about 105 m (350 ft) thick in
separate areas were penetrated in five drill holes ({ig. 8).
Inside the Claim Canyon cauldron segment the lower
main part of the Tiva Canyon and the upper part, the tuff
of Chocolate Mountain, aggregate more than 900 m (3.000
ft) in thickness (table 2). Theotal area covered by the Tiva
Canyon oulside the cauldron is probably in excess of 2,600
km? (1,000 mi?) if the member extends northwest under
Sarcobatus Flat (fig. 8). Inside the Claim Canyon
cauldron, possibly as much as 520 km? (200 mi?) of tuff
having a thickness averaging more than 0.8 km (0.5 mi). is
now largely buried under younger rocks of the Timber
Mountain-Oasis Valley caldera complex. The total
volume of the Tiva Canyon Member, therefore, may be in
excess of 1,000 km? (250 mi?).

The Tiva Canyon Member is a compound coolirg unit,
predominantly gray to reddish-brown devitrified densely
welded ash-flow wff with minor light-brown and gray
nonwelded to partially welded tuff at its base and top.
Generally a few feet of genetically related light-gray ash-
fall wuff occurs at the base of the unit. In the lowermost parnt
the Tiva Canyon is crystal-poor sanidine- and
hornblende-bearing high silica rhyolite wff; it grades
upward into a middle crysaal-poor rhyolite with biotite,
which i, in t2:rn overlain by an upper (caprock) crystal-
rich quara-latitic wff {fig. 9). These three distinct
compositional zones are laterally persistent over much of
the sheet outside the Claim Canyon cauldron segment
and, therefore, provide an intrasheet stratigraphy.

The Tiva Canvon Member inside the cauldron segment
is locally ilow-laminated and conains flow foids.
Upward, it grades into normal welded tufl. Th.:: secondary
flowage may have occurred where steep preemplacement
topography marked the site of the cauldron wall. Welded
caprock vitrophyre of the member ts very thin in fault
stices and blecks where it overlies wuff breccia near the
cauldron wail, but locally the caprock virophyre grades

downward into massive tuff breccia, possibly indicative of
vent breccia related to the Tiva Canyon. The wlded
rhyolitic lower part thickens from a wedge-edge 0 ..early
300 m (1.000 ft) downdip, 3.2 km (2 mi) awav from ihe
cauldron wall (fig. 8). A 15-m (50-ft) stratigraphic
transition zone between the lower [low-laminated,
phenocrysi-poor rhyolite of the main part of the I'na
Canyon and the overlying tuff of Chocolate Mountain 1»
marked within the Claim Canyon cauldron segment by un
increase of dark-gray phenocryst-rich collapsed punuce
lenticles of quaru latite, similar to those in the overlving
wif of Chocolate Mountin. No xenoliths of the nnn
thyolitic part of the Tiva Canyon have yet been found in
the tuff of Chocolate Mountain, although sparse xenoliths
of the Yucca Mountain Member and older rocks are
present. Because of these gradational relations and the lack
of Tiva Canyon xenoliths, the wiff of Chocolate Moun-
tain must be the upper part of one compound cooling unit
that includes the widespread main sheet of the Tiva
Canyon.

The wlf of Chocolate Mounuin contains three com-
positionally similar subunits that were mapped by
Chrisuansen and Lipman (1965); near the cauldron walls
the subunits are separated by beds of y2llow wuff breccia
that thin and pinch out within a few kilometres northward
(figs. 12, 1%; Byers and others, 1976). The lower subunit is
slighdy more than 300 m (1,000 ft) thick and is largely gray
devitrified tulf with granophyric pumice. The middle and
uppe” subunits are brown and purple ¢ :vitrified wiff
locally underlain by basal vitrophyres indicative of partual
cooling breaks. [ewrographically, the wff of Chocolate
Mountain differs from the quaru latite caprock of the
main part of the Tiva Canyon in conwaining abundant
resorbed feidspar phenocrysts, a higher ratio of plagio-
clase to total feldspar phenocrysts (fig. 9), and sparse rather
than very sparse hornblende phenocrysts. Although there
is an overlap in content of silica {fig. 9) and other consti-
tuents (W. D. Quinlivan and P. W. Lipman, written
commun., 1974) the petrographic differences indicate that
the wiff of Chccoiate Mountain is slightly more mafic than
the main part of the Tiva Canyon outside the cauldron
segment. At one locality within the cauldron segment,
where a thick complete section is exposed in the south wall
of Timber Mountain caldcra (adjacent to the dikes
between sections B-8’ and C-C’, [ig. 12), rthyolitic Tiva
Canyon grades upward through about 15 m (50 ft) into
typical extracauldron quarz latitic caprock of the Tiva
Canyon. The wansition upward to the typical miff of
Chocolate Mountain, however, is faulted out.

A tabular mass of fluidal flow-banded 1uff of Chocoiate
Mounuain 6 m (20 ft) thick dips moderately and is inter-
calated with coarse tuff-breccia. Near the head of Claim
Canyon (fig. 12), this mass shows chilling above and
below and may be a dike.
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TUFF BRICCIAS WITHIN CLAIM CANYON
CAULDRON SECMENT

Tuff treccias intertongue with and overlie the twlf of
Chcoolate Mounuin (Christiansen and Lipman, 1966;
Byers and others, 1976) but are rot included with the
Paintbrush Tuff. These breccias are more than 150 m (500
ft) thick along the south wall of the Claim Canyon
cauldron segment but wedge out within a mile or two

north of the wall. Only the larger outcrops are shown in
figure 12 (see Byers and others, 1976); the breccias shown in
cross sections B~B’ and C-C” in {igure 13 are interprete.ed
partly as vent breccias néar the south wall of the cauldron.
Within about 150 m (500 f1) of the cauldron wall, however,
faulting and, locaily, silicification have complicated inter-
pretation of the origin of the breccia; there it is probably a
landslide breccia consisting of rocks derived from the
cauldron wall.
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The dreccia from an area about 150 m (500 ft) t0 0.8 km
(0.5 mi) from the cauldron wall conuains, in order of
decreasing abundance, large blocks of intracauldron
Yucaa Mounuin and Pah Canyon Member, pyroxene-
bearing sanidine-rich lava like that between the members,
and sparse amounts of both members of Crater Flat Tull.
North of Crater Flat (fig. 12) this breccia locally includesa
few giant blocks of welded rhyolitic Tiva Canyon about 30
m (100 ft) thick and 90 m (300 ft) iong. These blocks dip
steeply and are intricately aackled. The nonwelded
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matrix of the breccia is also modally rhyolitic Tiva
Canyon and. morcover, grades upward in a few places 1o
unaltered moderately to steeply dipping densely welded
Tiva Canyon quartz latite oe tuff of Chocolate Mountain.
The nonwelded matrix is not crackled or highly fractured
and the densely welded quartz latite locally occuss as
steeply dipping vitrophyre lenses with contacts grida-
tional into the mawix. This parnt of the tulf-breccia mas be
an explosion breccia genetically related 1o eruptive vents
of the Tiva Canyon Member. Lipman’s (1976) mode! of
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caldera collapse breccias in il associated with a caldera-
forming eruption would also fit the above
observations—except for the presence of intracauldron

blocks.

Within the 150-m wide zone disturbed by faulting along
the cauldron wall, a block of vertically dipping Topopah
Spring Member was identified by thin-section examina-
cion. The contact of this breccia with the cauldron wall is
locally exposed in Claim Canyon: it dips about 60°
cauldronward and could be interpreted as the sole of a
landslide.

In detail, the explosion tuff breccia differs from the
beeccias along the cauldron wall in that it is much less
altered and is composed of about 30 percent blocks as
much as 150 m (500 f1) long in a2 mawix of grayish-yellow
wif containing 0-20 percent angular clasts smaller than
block size. More than 80 percent of the blocks are derived
from Pah Canyon and Yucca Mountain Members. More-
over. the blocks contain a light-gray devitrified facies of
these members that is typical of these units inside the
cauldron. This yellow tuff breccia is similar in appearance
to that in rhyolite vent tuff breccia cones; moreover, the
grayish-yellow frothy matrix of rhyolitic Tiva Canyon
mineralogy locally grades into a dark-gray pumiceous
scoria. We would interpret these yellow tuff breccias that
contain intracauldron clasts as originally at or near vent
sites, probably those that erupted the Tiva Canyon
Member.

Inward, about 2 km away from the cauldron wall (fig.
12), the tuff breccia thins and intertongues with the tuff of
Chocolate Mountain and lies between the wiffs of
Chocolate Mountain and Pinyon Pass. More than 3 km (2
mi) inward the wff breccia tongues pinch out. These thin
tongues of tuff breccia resemble the larger massive
exposures to the south, except that the fragments are
smaller and the tongues consist of a significant minor
fraction of pre-Tiva Canyon rocks other than Pah Canyon
and Yucca Mountain Members.

TUFY OF PINYON PASS

The tuff of Pinyon Pass iscunfined to the Claim Canvon
cauldron segm-=nt and is here included as an informally
named unit of the Paintbrush Tuff. Thetuffisa multiple-
flow simple cooling unit as much as 150 m 1500 f1) thick,
distinguished in the field by its generally moderate, rather
than dense, welding, lack of vitrophyres, and strati-
graphic position above the wif of Chocolzte Mountuain.
The tulf of Pinyon Pass is mapped with the wif of
Chocolate Mounuain in figure 12, but is shown separately
in section C-C’ (fig. 13), and on the geologic map (oyers
and others, 1976). The lower nonwelled to partially
welded rhyolitic zone, as much as 90 m (300 ft) thick, is
commeonly brilliant pink or light red where partially
welded. Where the unit is thickest, however, the upper

quaru latitic, most densely welded devitrified tuff is very
much like the Chocolate Mountain in  outcrop
appearance; indeed, the flattened quaru latitic pumice
lentils of the Pinyon Pass and Chocolate Mounuain are
identical in composition. The Pinyon Pass everywhere is
concordant on the tuff of Chocolate Mountain or on tuff
breccia that intertongues between the units. Very slight
erosion of the upper part of the wif of Chocolate Moun-
tain before deposition of the tuff of Pinyon Pass is
indicated locally by channeling and by absence of the non-
welded top of the wmiff of Chocolaie Mounuin.

. The tuff of Pinyon Pass is a compositionally zoned
compound cooling unit and petrographically resembles
the main part of the Tiva Canyon Member outside the
Claim Canyon cauldron segment. The lower rhyolitic
subunit, however, zonwains sparse dark, phenocryst-rich
quaru latite lenticles, as much as 15 cm (6 in.) in length,
typical of the underlying tuff of Chocolate Mountain.
Hornblende is also very sparse or lacking (fig. 9) in the
lower rhyolitic subunit of the tuff of Pinyon Pass, in
conuast to the universal occurrence of hornblende and
lack of biotite in the lower rhyolitic subunit of the Tiva
Canyon Member. The middle unit isa high-silica thyolite
that contains a little hornblende and could be mistaken for
either the lower or middle part of the Tiva Canyon. The
upper crystal-rich compositional zone is more silicic than
the analogous part of the Tiva Canyon {fig. 9) but con.
siderable overlap in phenocryst percentages makes dis-
tinction by means of thin-section modes highly unce-tain.
The suatigraphic position of the tuff of Pinyon Pas. above
the twif of Chocolate Mountain is the best criterion for
identification. Chemical analyses of the unit (fig. %; W. D.
Quinlivan and P. W. Lipman, written commun., 1974)
corroborate the observed compositional zonation from
rhyolite, upward to high-silica rhyolite, to low-silica
rhyolite in the crysal-rich caprock.

The close resemblance of the tuff of Pinyon Pass to that
of the Tiva Canyon and :he presence of Chocolate
Mountain-type pumice lenticles in the lowermost part of
the tuff of Pinyon Pass, despite slight local erosion of the
underlying tuft of Chocola.c Mountain. suggest that the
wif of Pinyon Pass was erupted within the Claim Canyon
cauldron only a short time, perhaps within a few thousand
years, after the Tiva Canyon Member was erupted. The
lack of any bedded tulf breccia other than the single tongue
that thins away from the cauldron wall suggests that no
rhyolitic lava volcanism intervened between the tuif of
Pinyon Pass and the underlying wiff of Chocolate Moun-
win. The wif of Pinyon Pass, therefore, probably predates
post-Tiva Canyon rhyolite lavas in the north wall of
Timber Monntain caldera (fig. 8).

POST-TIVA CANYON RHYOLITE LAVAS

Two rhyolite lavas related to but not part of the Paint-
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brush Tuwil are exposed in the north wall of Timber
Mountain caldera ((ig. 8) above the Tiva Canyon Member.
These lavas are similaz in physical appearance except thas
the lower llow has visibly more and larger biotite flakes.
Pewographically, they are easily distinguished, for the
upper rhyolite lava has sparse small quartz euhedra,
whereas the more mafic lower rhyolite lava has none.
These two flows were mapped separately in the Scrugham
Peak quadrangle (Byers and Cummings, 1967).

Ouicrop thicknesses of the individual flows average
about 150 m (500 f1), but within a few miles downdip
under Pahute Mesa the quaru-bearing flow atuains 347 m
(1,140 It) in a drill hole. The flows extend a few miles north
and northeast under Pahute Mesa, where they have been
penetraied in drill holes (fig. 8). Drill records indicate that
approximately 64 km? (25 mi?) of the mesa is underlain by
either one or both of the rhyolites. The thickening of these
lavas under Pahute Mesa, as inferred for the earlier lavas
intercalated with the Paintbrush, is doubtless related to
the existence of the Silent Canyon caldera, into which
these later lavas also flowed.

The lower biotite-bearing lava exposures in the north
wall of Timber Mountain caldera (fig. 8) are instructive
relative to the source of the lava and the location of the
Claim Ganyon cauldron wall. The lava has fused under-
lying bedded tuffs and locally the basal vitrophyre 20ne
cuts across the bedded tuif. Relict bedding visible below
the flow within this vitrophyre indicates that the viwo-
phyre is a fused tuff. Tongues of virophyric agglutinated

“ash-fall wifarealsointercalated in the bedded tuff near the

fused z0ne, suggesting a nearby source for these pyro-
ciastics and the associated flow. Northerly flow azimuths
(Cummings, 1964; David Cummings, written commun.,
1964) indicate the source to the south, probably justinside
the present wall of Timber Mounuin caldera. Petro-
graphically, the lavas clearly are late effusives related o
the Paintbrush Tuff (fig. 9). Itis reasonable to assume that
these flows were fed by radial fissures near the cauldron
ring fault similar to feeders of the pre-Rainier Mesa lavas
in the south wall of Timber Mountin cldera (fig. 12),
thus providing additional corroborative evidence that the
north wali of :he Claim Canyon cauldron is prohably
buried within a few kilomewes scuth of the north wall of
Timber Mounuin caldera.

Peuographically and chemially, the two post-Tiva
Canyon lavas are generally similar (lig. 9). Chemical an-
alyses (W. D. Quinlivan and P. W. Lipman, written com-
mun., 1974) reflect the minor petrographic differences
between them. Probably of significance is the presence of
euhedral quariz, ranging from 0.1 to 0.5 mm, amounting
to several phenocrysts per thin section in the upper quart-
bearing {low. The small euhedral character of these quaru
phenocrysis and their presence in all thin sections
~xamined indicates that the magma from which the

1aru-bearing flow was exiruded had just atwained the
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quaru-leldspar cotectic curve (Tuttle and Bowen, 1958),
marking the change from the predominanty quart-free
volcanic tocks to overlying quartz-rich rocks of the
Timber Mountain Tuff and related lavas.

CAULDRON SURSIDENCES RILATED TO IRUPTIOMN
OF ASH-TLOW TUFF MEIMBINS

The fact that nearly all units of the Paintbrush Tulfand
intercalated, peuologically similar lavas thicken greatly
(table 3) within the Claim Canyon cauldron segment
suggests accumulation within a caldera. The notable
excepuion is the Topopah Spring Member, the basal unit
of the Paintbrush Tuff; from study of other calderas in the
area, we presume that it is present at depth beneath the
thick infilling units of the cauldron (fig. 12). The great
thickness of the post-Topopah Spring units within the
Claim Canyon cauldron segment plus the areal
distribution of the Topopah Spring Member (fig. 8) and
also the presecce of the middle xenolithic 10ne and the
bedded upper virophyre withi. a few kilometres of the
rim of the Claim Canyon segment {compare with Lipman,
Christiansen, and O'Connor, 1965, fig. 18) indicate that
the segment is an eroded portion of a cauldron whose
carliest subsidence was probably associated with the
eruption of the Topopah Spring Member. The northern
boundary of this cauldron is probably not too far south of
the present north wall of Timber Mounuain caldera, for
lavas related to the Paintbrush were poured northerly into
Silent Canyon caldera (fig. 10) from vents at ur just south
of this wall. ,

Additional suggcstive evidence on the possible location
of the north wall of Claim Canyon cauldron comes from a
core taken at 1,402 m (4,600 ft) in drill hole UE18r. Debris
flows associated with ccllapse of Timber Mounuin
caldera conain a few fragments of crystal-rich Topopah
Spring caprock with granophyric pumice, typical of
slowly cooled thick accumulations of ash-flow wff within
calderas. The occurrence of this granophyric Topopah
Spring in the Timber Mountin caldera debris flows
suggests that an intracauidron facies of the Topopah
Spring Member was exposed within the present boundary
of Timber Mountain caldera at the time of Timber
Mounuin caldera collapse. The northern limit of the
collapse area associated with the eruption of the Topopah
Spring Member, therefore, was probably north of drill
hole UE18r, but south of the present north wall of Timber
Mountin caldera (fig. 8). ‘

Caiaclysmic subsidence of the Claim Canyon caul+:on
segment during eruption of the Tiva Canyon Member is
indicated by the thick accumulation of the main part and
the wff of Chocolate Mountain of the Tiva Canyon within
the cauldron. Within the Claim Canyon cauldron
segment, the tuff of Chocolate Mountain intertongues
with tuff breccias related to the Tiva Canyon (section
C-C’, fig. 13), possibly of vent breccia origin, for in
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many places they are modally like the Tiva Canyon and
tocally grade into welded Tiva Canyon quaru latite or tufl
ol Chocolate Mountain. These tuff breccias are coarse and
thick just inside the cauldron wall but ase thin and become
finer away [rom the wall of the Claim Canyon cauldron
segment. They were possibly largely derived from near-
wall vents that were active during the emplacement of the
Tiva Canyon. Moreover, these breccias contain pre-Tiva
Canyon blocks of intracauldson facies as young as the
Yucca Mountain Member, which immediately underlies
the Tiva Canyon Member and may be considered an early
eruptive phase of the Tiva Canyon. In a very few places
within a kilomete of the cauldron wall, giant crackled
blocks of dense welded Tiva Canyon occur in the massive
wif breccia and may have been autobrecciated in place
during emplacement and subsequent collapse. Alter-
natively, these blocks may have been an early solidified
phase of the Tiva Canyon that calved off the caldera rim
during late stages of eruption and collapse, similar to the
origin of the caldera breccas of the western San Juan
Mounuins, Colorado (Lipman, 1976). Under either

* hypothesis, however, the cauldron wff breccias that are

seen today just within the southern border of the Claim
Canyon segment are a product of volcanism related to the
Tiva Canyon and not to the Topopah Spring Member.

Indirect evidence also suggests that the Claim Canyon
zauldron segment is a part of the collapse area related to

- eruption of the Tiva Canyon. The main part of the Tiva

Canyon within the segment loaally contains fluidal flow
folds like a rhyolite lava, suggesting flowage while a
caldera wall slope was being formed during emplacement

< and compaction related to welding. Only within the

cauldron segment have flow folds been observed within
the Tiva Canyon.

The walls of the two caldera collapses associated with
the eruptions of the Topopah Spring and Tiva Canyon
Members are probably not far apart but are not readily
identified because later structural movements in the
vicinity of the cauldron wall have obscured evidence of
carlier collapses. Evidence of the wall related to Topopah
Spring collapse is probably preserved in the vicinity of
Claim Canyon just outside the fault that repeats the
thickened Pah Canyon and the rhyolite lava under it
(section C-C’, fig. 12). Unfortunately, this pan of the wall
is covered by the alluvium flooring Claim Canyon.
Unraveling the sequence of events along the cauldron wall
probably can be accomplished only by detailed geologic
mapping at a scale significantly larger than that (1:24,000)
of the quadrangle maps (fig. 2).

Specific collapses related to the erupticas of the Pah
Canyon and Y:icaa Mountain Members are alsodifficult to
document. They and the intercalated lavas have 2 much
greater thickness, fivefold to sixfold, iaside the cauldron
than outside; the total thickness of the units between the
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Topopah Spring and Tiva Canyon Members is 180 m (600
ft) on the cauldron rim (table 3) compared to about 1,000 m
(3,300 f1) within the cauldron segment. We would
interpret from sections 8-8’ and C-C*{fig. 13) that the top
of the Topopah Spring within the main part o the
cauldron segment would be at least 820 m (1,000 m minus
180 m) below its 10p ouuside just afier collapse related 10
the Yucca Mounwain Member.

The preceding line of argument becomes even more
compelling when the difference in thicknesses of the Tiva
Canyon, inside and outside the cauldron, namely about
800 m (2,600 (1), is added 10 the 820 m (2,700 f1) net
difference in thickness becween the Topopah Spring and
Tiva Canyon Members (table 3). That is, assuming no
resurgence of the cauldron, the 1op of Topopah Spring
must have been moze than 1.600 m (about | mi) below its
alutude on the rim of the Claim Canyon cauldron after the
eruption of the Tiva Canyon Member. It is difficult 1o con-
ceive cf this much ~auldron subsidence relief on the
Topopah Soring immediately after its sruption, because
the unit has a relatively smnall volume (200 km?) outside the
cauldron. The Claim Canyon cauldron more likely
preserves a record of episodic subsidence (fig. 13)
associated with erupdon of each of the members of the
Paintbrush Tuff. Analogous to the caldera relief of the
Topopah Spring Member of the Paintbrush Tulf, the
Grouse Canyon Member of ithe Belied Range Tuff within
the Silent Canyon caldera is today about 2 km below its
clevation outside the caldera (Orkild and others. 968,
1969), owing to later subsidence related to eruptions of
many post-Grouse Canjon units.

In a related paper, Christiansen and others (1976)
consider the regional structure and the overail pattern of
distribution and thicknesses of members of the Paint-
brush Tulf and suggest the Oasis Valley caldera segment,
in contrast to the Claim Canyon cauldron segment, as the
main area of collapse related to eruprion of the Yuca
Mountin and Tiva Canyon Members. The differences
between the conclusions expressed by these authors (four
of whom are also authors ol the present report) and those
expressed here are minor and involve mainly emphasison
possible contrasting source areas between the two lower
and the two upper ash-llow wff members of the
Paintbrush Tulf.

POSSIBLE MAGMATIC RESURGENCE
OF CLAIM CANYON CAULDRON

The Claim Canyon cauldron segment, in contrast to
nearly all other penecontemporancous cauldron
sttuctures of the southwestern Nevada ash-flow field,
today stands topographically high, like many central
Nevada cauldron structures that have been elevated by
both resurgence and hasir-range faulting. The notable
local exception is the Timber Mountain resurgent dome to
be described later. The cauldron segment is not
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structucally high in the sense that older rocks are exposed
within it; in fact, generally younger rocks of the
Paintbrush Tull are exposed within the cauldron
segment, analogous to the resurgent doming of the
Ammonia Tanks Member of the Timber Mountain Tuff
within Timber Mountain caldera. The present authors
will attempt 10 point out some geometric relations that in
our opinion suggest that magmatic resurgence of the
Claim Canyon cauldron occurred prior to emplacement of
the Rainier Mesa Member and its petrologically related
underlying lavas, an idea already outlined in an abstract
(Byers and others, 1969). Christiansen and others (1976)
present structural evidence that the present position of the
Claim Canyon cauldron segment is not due 1o magmatic
resurgence related to Claim Canyon cauldron.

The geologic map shown on figure 12, which is
generalized from the geologic map of Timber Mountain
caldera (Byers and others, 1976), is included in the present
report merely to show the great intensity and trend of
faults within the cauldron segment, especially in thatpant
where the tuffs of Chocolate Mounwin and Pinyon Pass
(K-Ar age, 12.5 m.y.) of late Paintbrush age are exposed.
The Rainier Mesa Member (K-Ar age. 11.3 m.y.) and the
underlying petrologically similar lava are affected mainly
by basin-range faults that are approximately radial to the
intensely faulted wall of the Claim Canyon cauldron
segment; that is, the basin-range {aults strike more north-
easterly where the wall faults irend northwesterly at the
west end of the segment. As pointed out by Christiansen,
Lipman. Orkild. and Byers (1965, p. B46), movement on
these radial basin-range type faults also occurred during
broad doming of the Timber Mounuain volcanic center, as
well as during regional basin-range extension. Many of
these radial faults can indeed be traced into the cauldron
segment. but most terminate against the circumferential
cauldron [aults.

Closely spaced circumferential faults and radial cross
faults shown in figure 12 are localized within the cauldron
segment and probably are representative of the much
larger Claim Canyon cauldron, most of which is buried by
the later collapses of Timber Mountain caldera and the
Oasis Valley caldera segment. The strong intensity of this
fault system confined within the cauldron segment is
interpreted as a marginal fault pactern related to resurgent
doming, and it bears close similarity to the fault pattern in
the ring fracture zone at the periphery of Timber
Mounain resurgent dome (Cary, 1964, [ig. 2; Carr and
Quinlivan, 1968, fig. 1; Byers and others, 1976). That this
resurgence 0ok place before the eruptions <! pre-Rainier
Mesa lavas and the Rainier Member is shown by the near
absence of circumlerential faults in these later units (fig.
12).

Further strongly suggestive evidence that the Claim
Canyon cauldron resurged following eruption of the
Paintbrush Tuff is the structurally high position of the

Pah Canyon Member and its reasonable former extension
upward, prior to erosion (fig. 13). Also the main part and
the tulf of Chocolate Mounuain of the Tiva Canyon are
structurally higher within the cauldron than outside Lhe
cauldron or just inside the wall (section B-B°, fig. 13).
Minor faults of very little displacement are not shown in
the cross sections in order to emphasize the stratigraphy
and structural position of the units. The present authors
are also aware that these observed relations between the
intracauldron and extracauldron rocks could also have
come about, without magmatic resurgence, by extensional
basin-range laulting related to regional right-lateral irans-
current movement along the Walker Lane (Locke and
others, 1940)—the cauldron segment remaining
structurally high, while the radial extracauldron blocks
subsided. Wedo not [avor this alternative hypothesis as the
local control, because the intense circumferential fault
pattern within the cauldron segment indicates more move-
ment than i.: the blocks outside and, morrover, is typical
of an outer arcuate fault attern of a magmatically
resurgent dome.

TIMBER MOUNTAIN TUFF AND ROCKS RELATED
TO TIMBER MOUNTAIN CALDERA

ORIGINAL DEFINITION AND REDEFINITION OF
TIMBER MOUNTAIN TUFY

The Timber Mountain Tuff (Orkild, 1965, p. A46-A47)
was originally defined to include the com .osite sequence
shown in the left column of figure 7. This sequence
comprised the Rainier Mesa Member at the base
successively overlain by the wiff of Cat Canyon, the tuff of
Transvaal (wif of Camp Transvaal of Lipman,
Quinlivan, and others, 1966), and the Ammonia Tanks
Member. Thin bedded wff sequences at the base of the ash-
flow members were included with the overlying member.

The Timber Mountain Tuil is here redefined 1o include
all quariz-bearing ash-flow tuffs and thin ash-fall tffs
erupted about 11 m.y. ago (Marvin and others, 1970) from
the Timber Mountain caldera center—the type area
(Orkild, 1965). The wuff includes in ascending order, the
Rainier Mesa and Ammonia Tanks Members of the
original definition and, as here redefined, the tuif of
Buttonhook Wash (Carr and Quinlivan, 1966) and the tuff
of Crooked Canyon (Byers and others, 1976). The known
areal distribution of the two newly added informal units is
cornlined within the Timber Mountain-Oasis Valley
caldera complex (fig. 7). Outside the complex. in all
surface exposures, the Ammonia Tanks Member is the
upper unit of the Timber Mountin Tuff, as in the
original definition (Orkild, 1965). The Ammonia Tanks
Member is redefined on the basis of field and petrographic
studies to include the tulf of Cat Canyon and the twff of
Transvaal (fig. 7. lirst column, Orkild, 1965; Carr and
Quinlivan, 1966; Lipman, Quinlivan, and others, 1966).
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[hese units are equivalent to part or all of the Ammonia
Tanks, as mapped in many of the 7%-minute quadrangles
of the Nevada Teat Site region (fig. 2). Thin sequences of
bedded ash-[all tuffs thatare intercalated with the ash-flow
units are included in the Timber Mounuain Tuffand were
generally included with the overlying ash-flow unit on
quadranglc maps of the Nevada Test Site ([ig. 2). A bedded
ash-fall sequence above the Ammonia Tanks Member was
penetrated in a [ew drill holes in Yucca Flat ([ig. 7. column
2). This bedded 1uff, however, is less than 5 m (15 ft) thick
and has not been recegnized in surface exposures.

Quartz phenocrysts as much as $ mm long are common
to abundant in both the ash-flow and associated thin ash-
fall wiffs, in contrast to the absence or near-absence of
quaru in the underlying and overlying stratigraphic
units. An exception to this general statement is the upper-
most several meters of the underlying bedded tuff, in
which quaru crystals increase in abundance and size
upward to the Paintbrush-Timber Mountain contact.

Several lithologic units, closely associated with the
Timber Mountain Tulf in genesis or in time, were not
included in the original definition (Orkild, 1965) and are
here likewise excluded—analogous to the exclusion of
similar units from the Paintbrush Tuff. These units
include debris {lows that intertongue with the Rainier

‘esa Member, alkali-calcic rhvolite lavas, and tuff dikes
_ad other inuusives on Timber Mountain resurgent
dome. The ash-flow tuff members and informal tuff units
of the Timber Mountain Tuff and their relations to coeval
debris flows, lavas, and inwusive rocks. are discussed on
following pages.

RAINIER MESA MEMBER

The Rainier Mesa Member, the basal member of the
Timber Mounuain Tuff, was originally described by
Hinrichs and Orkild (1961, p. D97} from exceilent
exposures at Rainier Mesa (fig. 14). These authors
included the Rainier Mesa Member as the uppermost
member of the Oak Spring Formation. Poole and
McKeown (1962, p. C61), a year later, included the Raiuier
Mesa Member as the uppermost unitof their Piapi Canyon
Formation of the Oak Spring Group. Sull later, Orkild
{1965, p. A49) defined Timber Mounuain Tuff (fig. 7) and
placed the Rainier Mesa Member at the base.

An isopach map of the Rainier Mesa Member
generalized from Byers and others (1968) is shown in figure
i4. The Rainier Mesa is more than 500 m (1,500 f1) thick,
and the base is not exposed in the west wall of Timber
Mountain caldera, where the unit is densely welded and is
strongly deviuified with granophyric texture in the
numice. The coarse textural features suggest that at least
other hundred metres may be present in the unexposed
wer part in the west wall. A thickness of 396 m (1,300 ft)
was penetrated in a drill hole on Pahute Mesa. The total

volume of the Rainier Mesa Member, as calculated from
the isopacn map, is in excess of 1,200 km? (300 mi?).

The upper quaru latitic caprock of the Rainier Mesa
Member was locally mapped along the wall of Timber
Mounain caldera as the will of Falcon Canyon (Hinrichs
and others, 1967; Orkild and others, 1969). This usage is
not retained. This upper quartz latitic subunit is exposed
within the caldera near the northeastern wall at test well 8
{fig. 14) and also in the bottom of Beatty Wash where it
cuts the southwestern wall of the caldera. In both localities
the quaru latite intertongues with debris flows (figs. 3 and
7). The debris [lows pinch out northward in the south-
west caldera wall and are absent where 450+ m ( 1,500+ f1) of
Rainier Mesa Member is exposed in the Transvaal Hills
(fig. 14). Here the quaruz latiuc subunit of the Rainier
Mesa is slightly thicker than elsewhere outside the caldera,
but only about 15 m (50 {t) of quartz latitic caprock was
penetrated by drill hole UEI18r. The upper quartz latitic
subunit was emplaced during late stages of caldera
collapse (Byers and others, 1969, p. 94-95), as exhibited by
the intertcnguing relations with the debris flows.

The Rainier Mesa Member is a compositionally zoned
compound cooling unit consisting of an extensive high-
silica rhyolite tuff overlain with a partial cooling break by
a considerably thinner quaruz latitic tuff that is restricted
to the vicinity of Timber Mounuain caldera. The rhyolitic
subunit, where exposed outside the caldera, is commonly
pink nonwelded shard tuff at the hase grading upward
into densely welded black vitrophyre . 3vers and « ners,
1968, p. 93). The vitrophyre grades upward into dense
brown to pale-red devitrified tif with common white
flattened pumice lenticles, ranging from 2.510 10 cm (1-4
in.). In the west wall of Timber Mountain caldera (fig. 14),
the deviuified zone is coarser than elsewhere and the
pumice is granophyric. In general, the devitrified zone
grades upward into a light-gray crystalline zone with
spherulitic sanidine and crisicbalite in the pumice, typical
of Smith's (1960b) vapor-phase zone. The vapor-phase
zone of the high-silica rhyolite subunit commonly grades
within a few feet into a vitrophvyric or dark-brown crypto-
crystalline quaru Jatite, which in turn grades upward into
a second light-colored vapor phase 0ne, visible inonly a
few places because of erosion or colluvial cover. Dark
quaru latitic pumnice lenticles in the quaru latite are some-
what larger than the white rhyolitic pumice in the
underlying rhyolite. Where the Rainier Mesa Member is
396 m (1,300 f1) thick in the drill hole in the west part of
Silent Canyon caldera, the main cooling unit described
above is underlain by a nonwelded phenocryst-peor pink
shard wiff about 150 m (500 f1) thick. The phenocryst ratios
are similar to those of the lower rhyolitic part of the over-
iving main cooling unit of the Rainier Mesa. These two
tuffs may be separate cocling units, and the Rainier Mesa,
like the overlying Ammonia Tanks Member, may be a
composite sheet (Smith, 1960a, p. 812).
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Ficune 14.—Gencralized isopach map of the Rainier Mesa Member of Timber Mounuaina Tufl and

The unique petrography of the Rainier Mesa Member | Timber Mountain Tulf (fig. 15). Analyses of 10 high-silica
distinguishes it from cooling units of the underlying | rhyoliie samples show an average of about 77 percent
Paintbrush Tu?’, as well as from overlying units of the | silica, a percentage similar to that of the subunits of the
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distribution of petrologically related, pre-Rainier Mesa lavas. Geologu cToss section shown in figure 23.

Paintbrush Tuff (W. D. Quinlivan and P. W. Lipman, | contains quarwz, in contrast to crystal-poor quartz-free
written commun., 1974, able 6; Lipman, 1966). The | rhyolites of the Paintbrush Tuff. The quarz latitc
Rairier Mesa rhyolite, however, is aysal rich and caprock coniains a mixture of hornblends-rich and
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STRATIGRAPHIC UNIT <(SUBUNIT
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Ficuar 15.—Modal and silia ranges of units of Timber Mountain Tulf and peuroiogically related lavas in order ¢i strangraphic succession.

clinopyroxene-rich mafic scoria pumices with sub-
ordinate quartz-rich rhyolitic pumice similar to that in the
underlying rhyolite subunit (Byers and others, 1968, p. 95).
The Rainier Mesa Member, like the Topooah Spring
Merber. differs from the overlying ash-flow units of the
Timber Mounuin Tuff in containing no sphene. The
ratio of plagioclase 10 total fe!dspar phenocrysts is also
higher in the Rainier Mesa high-silicarhyolitethanin the
rhyolites of overlying ash-tlow units of the Timber
Mounuin Tuff. This feldspar phenocryst variation is

(1962). Lipman (1966), and W. D. Quinlivan

similar to that in rhyolitic subunits of members of Paint-
brush Tuff (fig. 9). Sanidine phenocrysts in the high-silica
rhyclitic subunit of the Rainier Mesa are relatively
potassic and have cryptoperthite rims in contrast to micro-
perthitc sodic sanidine and anorthoclase in the rhyolites
of younger cooling units of the Timber Mountin Tuil
(O'Connor, 1963).

The Rainier Mesa Member of the Timber Mountain
Tuft is the same unit as cooling unit 4 of Cornwall and
Kleinhampl (1964, p. ]10) in the Bullfrog Hills (fig. 14).
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atnd _P W. Lipman (written commun., 1974)

The K-Ar age is 11.1 m.y. (Marvin and others, i970), and
the thermal remanent magnedzation is reverse (G. D.
Bath, written commun., 1965).

ANMONIA TANKS MEMBER

The Ammonia Tanks Member was defined by Crkild
(1963) as the uppermost unit ¢f the Timber Mountain
Tufl; its wvpe locality is at Ammonia Tanks (lig. 16).
Because of evidence (o be presented in the following para-
graphs. the Anunonia Tanks is here redefined to include

the 1uff of Cat Canyon on Timber Mountain resurgent
dome (Carr and Quinlivan, 1966) and the tuff of Transvaal
{Orkild, 1965; tuff of Camp Transvaal ol Lipman,
Quinlivan, and others, 1966). (See fig. 7). An intracaldera
section of the Ammonia Tanks is displayed at West Car
Canyon (fig. 16), where the wff of Cat Canyon consists of a
lower part of two mapped subunits, unit A and unit C
(Lipman, Quinlivan, and others, 1966, section 8-B'),
which are more than 600 m (2.000 ft) thick and which are
overlain by an upper part (unit E and unit F) aboui 300 m
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Ficura 16.—~Ceneralized isopach map of Ammonia T .nks Member of Timber Mountain Tuli, showing great thickness within Timber Moun-

{1,000 [1) thick. An extracaldera section isin the Transvaal
Hills (lig. 16; see also fig. 23), where two mapped subunits
of the :uff of Camp Transvaal total about 150 m (300 ft) in
thickness (Lipman, Quinlivan, and others, 1966) and

shown in
constitute the lower part of the Ammonia Tanks Member
(Byers and others, 1976, section B-8°). The upper part of
the Ammonia Tanks at this section rests with slight
angular discordance but without a complete cooling break
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tain cakdera, and associated lava [lows that are petrologically sim..; to Ammonia Tanks high-silica rhyolite subunits. Geologic cross section

figure 28.

on the lower part of the Ammonia Tanks (Byers and includes the twffs of Cat Canyon and Transvaal. The

others, 1976, section B-B"). Ammonia Tanks is more than 900 m (3,000 {1) thick
A revised isopach map of the Ammonia Tanks Member | beneath the Timber Mountain resurgent dome and

(fig. 16; compare with Byers and others, 1968, fig. 5) | slightly more than 450 m (1,500 ft) thick at Qasis
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Mountain just inside the wall of the Qasis Valley caldera
segment. Elsewhere, the member is generally less than 150
m (500 fi) thick. The total volume of the redefined
Ammonia Tanks Member is about 900 km! (230
mi¥)—somewhat less than the volume of the Rainier Mesa
Member.

The lollowing field and subsurface relations show that
the Ammonia Tanks Member outside Timber Mouncain
caldera is the same cooling unit as the wff of Cat Canyon
on the Timber Mountain resurgent dome inside the
caldera. The wuff of Buttonhook Wash overlies the
Ammonia Tanks with complete cooling break both on the
resurgent dome and on the west rim of Timber Mountain
caldera. The stratigraphic succession penetrated in drill
hole UE18r (lig. !6) on the buried north flank of the dome
includes from top to bottom: the wiff of Cat Canyon (now
part of the Ammonia Tanks Member), rhyolite lava, debris
flows, and the upper part of the Rainier Mesa Member.
This succession is the same as in surface exposures outside
the collapse area of the caldera associated with the
eruption of the Ammonia Tanks (fig. 16). The Ammonia
Tanks in thedrill hole is directly correlative with the lower
part of the wiff of Cat Canyon in surface exposures several
kilometres ( a few miles) south on Timber Mountain
dome. The contact between the Ammonia Tanks Member
and the overlying tuff of Buttonhook Wash is marked by
about 10 cm (several inches) of fine ash-fall tuff a1
exposures within and outside the caldera. The contact
wone with the underlying rhyolite lava consists of about a
metre (a {ew {eet) of bedded ash-fall wiff, both inside and
nutside the area of subsidence associated with the eruption
of the Ammonia Tanks Member (fig. 16). Moreover, the
rhyolite lava is a high-silica rhyolite, peuologically
similar to high-silica rhyolite of the Ammonia Tanks (fig.
13). Where the rhyolite lava is missing, the Ammonia
Tanks is separated from the Rainier Mesa Member by
debris [lows and bedded tulf inside the caldera and by not
more than 20 m (70 ft) of thick-bedded tuff outside the
caldera. The Ammonia Tanks Member, therefore, is
t:ightly bracketed inside and outside the cald=ra by the
underlying units and by the overlying tuff of Buttonhook
Wash.

The Ammonia Tanks Member is compositior=lly {ar
more complex than the Rainier Mesa Member. The
Ammonia Tanks is probably a con:posite sheet as delined
by Smith (1960a, p. 812-813), for a local complete cooling
break in the extracaldera Ammonia Tanks on Pahute
Mesa (Noble and others, 1967) must be represented by one
of several partial cooling breaks at the intracaidera section
on Timber Mounuin dome. The Ammonia Tanks
Member is divided into upper and iower parts in order to
show fault displacement on the geologic map of the
Timber Mountain caldera area (Byers and others, 1976).
These two parts can be further subdivided on the basis of
composition into quarz latite and (high-silica) rhyolite,

as shown in figure 15 The wlf of Cat Canyon (now part of
the Ammonia Tanks), originally included six map umts
on Timber Mountain resurgent dome (Carr and
Quiniivan, 1966). In general, our lower quaruz latte
includes Carr and Quinlivan's units A and B: our lower
rhyolite, their units C and D; our upper quartzlaute. their
unit E; and our upper rhyolite, theirunit F; complex inter-
tonguing of these units on the dome, however. muakes
direct correlation difficult in some localities. Chemcal
analyses of 25 intracaldera specimens and 23 specimens of
extracaldera specimens were made availasle by W D,
Quinlivan and P. W. Lipman (written commun.. 1974).

The four compositional subunits of the Ammonia
Tanks Member (fig. 15) are not everywhere present outside
the area ol Ammonia Tanks subsidence (lig. 16), and are
not precisely correlative over the entire extent of the
Ammonia Tanks. A few extra lenses of the upper quartz
latite intertongue with the upper rhyolite on Timber
Mcuntain dome (Carr and Quinlivan, 1966; 1968, p. 101).
In the Dead Horse Flat quadrangle (fig. 2) on eastern
Pahute Mesa, Noble, Krushensky, McKay. and Ege (1967)
found a complete cooling break between their lower part.a
quaru latite, and their main part, consisting of rhyolite
overlain by quaru latite. In the area of the extracaldera
section on the west rim of Timber Mountain caldera,
Lipman, Quinlivan, Carr, and Anderson (1966) mappeda
10° angular unconformity between a lower rhyolitic part,
which shows a compound cooling zonatic  (their wiff of
Camp Transvaal), and an upper part, which consists of
rhyolite and quartz latite (their Ammonia Tanks
Member). These two parts are seemingly fused together in
many places but locally a few centiinetres of nonfused
bedded tuff separates them (P. W. Lipman, oral commun.,
1969). On the east flank of Timber Mountain dome a
gentle 2ngular discordance with a partial cooling break
occurs between a faulted quartz latite and an overlying
unfaulted local high-silica rhyolite, both within the upper
part of the Ammonia Tanks (fig. 17).

The lowest compositional subunit (fig. 15), where
present, is a quarwz latitic virophyre with sparse maflic
lava xenoliths, especially in the western outcrop area of
the Ammonia Tanks (fig. 16). This subunit extends
eastward to Shoshone Mountain and eastern Pahute Mesa
{fig. 16). In a few localities bordering the tuff dike zone on
the eastern flank of Timber Mountain dome, the presumed
equivalent subninit is a moderate brown devitrified (il
with conspicuous biotite; the base is not exposed. The
overlying subunit, the rhyolite of the lower part {fig. 15), is
typically a light-gray high-silica rhyolite with sparse
mafic lava xenoliths and wedge-shaped phenocrysts of
sphene. On Timber Mountain dome this subunit is
compositionally gradauonal through hundreds of feet
downward through low-silica rhyolite into the under-
lying quartz latite.

Peripheral to Timber Mountain in the norihern moat
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Ficvag 17.~Suuctural unconformity between uppermost high-silica rhyolite and underlying quarz latite of upper part of Ammonia Tanks

Member. Notth wall of tnbutar: o Brushy Canvon on east flank of Timber Mountain resurgent dome. Timber Mountain calde

wall

in far right background. Timber Mountain dome had begun 10 rise (left or west side of photograph) before uppermost unit involved
in doming was extruded. probably through tuff dike tone The upper (light) unit here has neatly a complete cooling break with the
{aulied dark welded quariz jauste 1uff below, whereas a short distance 10 the west there is only a parual) cooling break.

area of Timber Mountain caldera (fig. 16). a thin extra-
caldera rhyolite, less than 15 m (50 [t) thick. is composed of
a pink nonwelded basal zone grading up through a few
feet of partly welded grav vitrophyre into an upper light-
gray devitrified zone. This rhvolite reappears as the lower
subuntt of the local main part on eastern Pahute Mesa
{Noble and others, 1967). Thin-section modes of this
subunit. a high-silica rhyolite, are pooled with the lower
rhyohti subunic of Timber Mounwin dome (fig. 135)
because the two subunits have similar stratigraphic
positions within the Ammonia Tanks. This high-silica
rhvolit~ is overlain by an upper quartr latite \as manvy as
three quaru latites occus at this stravigraphic position on
Timber Mountain dome) that can scarcely be dis-
ringuished lithologically or petrographically from the
lower quaru latite of the Ammonia Tanks (fig. '3).
Locally between Ammonia Tanks and test well 8 (fig. 16)
this uppe: quaru latite subunit becomes more mafic than
elsewhere, having relatively large phenocurysts, including
clinopyroxene, as much as 2.5 mm, and biotite books, as
much as 4+ mm, whizh are poikilitic with apatite and
1rcon.

The uppermost subunit. the upner rhvolite (fig. 15), is
found onlv on the east [lank of Timber Mountain dome
ifig. 17). The rhvolite is largely white, devitrilied, and has
spherulitic pumice, characteristic of the vapor phase one.
It is petrographically iden:ical to most of the high-silica
rhyolite dikes of the wlf dike rone and contains brown
xenoliths of the lower quartz laute subunit, which the
dikes intrude.

The average of several K-Ar ages determined on the
Ammonia Tanks Member is 11.1 m.y. (Kistler, 1968;
Marvin and others, 1970). The Ammonia Tanks Membx:
i1s equivalent to cooling unit 3 of Cornwall and
Kleinhampl (1964. p. J10) in the Builfrog Hills (fig. i6).
Both the extracaldera and intracaldera facies of the
Ammonia Tanks have a normal thermal remanent
magnetization (G. D. Bath. written commun., 1963).

TUFF OF 3UTTONHOOK WASH

The wuff of Buuonhook Wash of Carr and Quinlivan
:1966) is a thin compositionally zoned cooling unit above
the Ammonia Tanks Member and is here included with
| the redeflined Timber Mountain Tufl. The best exposures
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Ficurr 18.—~Combined thicknesses of wifs of Buttonhook Wash and Crooked Canyon and intrusive rocks on Timber Mcunuin
resurgent dome. Tulf of Butionhook Wash nas not been recognized in eastern Timber Mountaiu caldera and overlying
tufls of Crooked Canyon have not been recognized in the Oasis Valley caldera segment. Geologic cross section shown

in figure 22
are in Butionhook Wash and in West Cat Canyon, on the | Canyon is shown in figure 18. Both tuffs are largely
southwest flank of Timber Mountain dome (fig. 18). confined 10 the western part of the Timber

The distridution of the twff of Buttonhook Wash | Mounwin-Oasis Valley caldera complex. The tuff of
together with that of the overlying tuffs of Crooked | Butionhook Wash thins over Timber Mounuain resurgent
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lome, mainly by pinchout ol its quartz latite caprock (lig.
1). The thickness of the tufl of Buttonhook Wash on the
~tern Nank of the dome is about 60 m (200 ft); if the
ndip thickening is projected under the caldera moat.
‘e tull may thicken to more than 150 m (500 ft). The tulf
{ Butionhook Wash is found locally above the Ammonia
Fanks Member in Oasis Valley and apparently just
,utside the Oasis Valley caldera segment in the castern
3ullfrog Hills. where the tufl may have flowed a shornt
listance against an croded wall. The wff of Buttonhook
Nash is not presen: in the intracaldera drill hole UE18r
fig. 18), nor in the eastern and 1sorthern moat areas of
Timber Mountain caldera.

The tulf of Buttonhook Wash is separated from the
inderlying Ammonia Tanks Member on Timber
founwin dome by about 10 cm of fine ash-fall wiff. and
he lower part is glassy and nonwelded, indicating a brief
»ut complete cooling break. On the west wall of Timber
Mlountain caldera, the tuff of Buttonhook Wash is also
.eparated from the underlying Ammonia Tanks by about
0 amn of ash-{all tuff. Or: Timber Mountain dome the tuff
»{ Buttonhook Wash is separated from the overlying tuffs
[ Crooked Canyon by a very slight angular uncon-
ormity that is probably related to resurgent doming of
Fimber Mounuin. Less than 60 cm of bedded shard tuif
.eparates the two units.

The wif of Buttonhook Wash consists of a lower light-
cray moderately welded high-silica rhyolite and an upper
“dish- to purplish-brown densely welded quaru latite
. is locally viwophyric. The high-silica rhyolite is
“—rdistinguishable from high-silica rhyolites of the
\mmonia Tanks Member (fig. 15). The quaru latite
aprock, however, is distinguished from Ammoria Tanks
juarz latites by (1) plagioclase consistently in excess of
/1kali feldspar phenocrysts (fig. 15), (2) clinopyroxene in
xcess of biotite. and (3) all phenocrysts rarely exceeding
5 mm in contrast to phenocrysts as much as 4.0 mm long
n the Ammonia Tanks. Sparse homnblende where the tuff
s not oxidized also distinguishes the wiff of Buttonhook
Wash [,om the upper quaruz latite of the Ammonia Tanks.
These petrogrphic features of the quaru latite caprock
nake the wif of Buttonhook Wash an excellent strau-
¢raphic marker.

The high S$iO; content of the quartz latite, nearly 73
sercent (fig. 15), is probably due 10 slight silicification of
‘he devitrified rock.

One K-Ar age of 10.5 m.y., determined on sanidine by
Kistler (1968, p. 254), is available {rom the wiff of Button-
~ook Wash. Kistler (1968) referred to the unit as “wuff of
Cat Canyon, upper cooling unit,” a logical designation at
:hat time. This K-Ar age is believed 1o be slightly young
necause of siight sericitization of the rock (Marvin and
sthers, 1970, p. 2666). The slight thinning of the tuff onto
:he Ammonia Tanks Member (average K-Ar age of 11.1

m.y.) over the resurgent dome suggests that resurgent
doming had already started before eruption of the tull of
Butionhook Wash. However, this slight angular dis-
cordance is not believed 10 represent a2 major time break,
for slight angular discordances without a complete
cooling break are present within the Ammonia Tanks
Member on the cast {lank of the dome (fig. I7).

TUFTS OF CROOKED CANYON

The wiffs of Crooked Canyon are here included as an
uppermost intracaldera unit of the redefined Timber
Mounuain Tuff (fig. 7) as shown on the map of the Timber
Mountain caldera area (Byers and others, 1976). On the
east flank of Timber Mountain dome the unit was mapped
as tuff of Buttonhook Wash by Carr and Quinlivan (1966)
and by Byers, Rogers, Carr, and Luft (1966). The exposed
nonwelded distal edges of two ash-{low tuffs constituting
the tuffs of Crooked Canyon are each less than 8 m (25 (v)
thick where they cnlap the northeast flank ol the dome
(fig. 18) in Crooked Canyon. Dowr-ip in the subsurface
off the northern flank of Timber Mountin, the tuffs
thicken rapidly to more than 250 m (800 ft) toward the
outer edge of the caldera and become partly welded; they
were penetrated in the interval from 335 t0 593 m (1.100 to
1.945 ft) in drill hole UEL8r in the northem moat of the
caldera (figs. 3. 18). The total thickness of the upper tvifin
the drill hole is about 180 m (600 f1); the lower wiif, 75 m
(245 f) thick, was not cored. The great increase in
thickness, from the exposed flank of Timber } sunain
dome outward to drill hole UE18r, indicates that the tuffe
of Crooked Canyon were emplaced after the resurgent
central dome was well advanced.

The wifs of Crooked Canyon overlie the wif of Button-
hook Wash or the Ammonia Tanks Member with aminor
angular unconformity (fig. 3) and overlie the tuff of
Buttonhook Wash in the central graben of the Timber
Mounuain resurgent dome. The contact zone between the
wlfs of Crooked Canyon and the underlying Ammonia
Tanks Member or tuff of Buttonhook Wash consistsof I m
or less of uniformly finegrained ash-fall shard tutf; more-
over, the contact zone between the two ash-flow tuffs of
Crooked Canyon contains 10-60 cm of fine ash-fall wif, in
contrast to as much as 18 m of variegated thin-bedded [ine
to coarse ash-fall tufl separating the tuifs of Crooked
Canyon from the overlying post-Timber Mounuain
cooling units of the caldera {ill (Byers and others, 1976).

No compositional zoning in either of the twffs of
Crooked Canyon is apparent. The lower tuff is a simple
nonwelded to moderately welded cooiing unit of unifon
rhyolitic composition, almost everywhere devitrified and
pinkish to purplish gray. except at the diswal edges
flanking Timber Mountain dome. It contains fewer and
smaller phenocrysts, with slightly more mafic pheno-
crysts than the high-silica rhyolite in the upper part of the
Ammonia Tanks (fig. 15). Near the twuff dike zone, it
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contains distinctive brown xensliths characteristic of the
lower quartz latite of the Ammonia Tanks Member in the
ulf dike zone. A few thin tulf dikes (fig. 18), identical in
composition to the lower tuff, also contain these brown
xenoliths, indicating the probable source of the wiff (see
[ootnote description in Byers and others, 1966).

The upper tuff is orange brown, glassy, and nonwelded
near its pinchout on the northeast {lank of Timber
Mounuain dome and likewise contains brown xenoliths
from the lower quartz latite of the Ammonia Tanks in the
tuffdike zone, suggesting a possible source similar to that
of the lower wiff. The upper tuff contains, in addition,
diagnostic  phenocryst-poor glass xenoliths and
phenocryst-rich pumice lumps. In drill hole UEISr, the
upper tlf is partly welded and, except for the glass
xenoliths and its stratigraphic position above the lower
wff and the Ammonia Tanks, is almost indistinguishable
peuwographically from similar parts of the Ammonia
Tanks (fig. 15).

The K-Ar age of the wifs of Crooked Canyon is
biacketed by the 10.5-m.y. age of the wil of Buttonhook
Wash and by the K-Ar age of 9.5 m.y. on the overlying tuff
of Cutoff Road (Lipman, Quinlivan, and others, 1966: tuff
of the caldera fill of Kistler, 1968, p. 254). The 10.5-m.y. K-
Ar age of the wff of Buttonhook Wash, however, is
probably slightly young because of alteration of the rock
(Marvin and others, 1970, p. 2666). More likely the K-Ar
age of the wffs of Crooked Canyon is close to 11 m.y., as
suggested by the stratigraphic relations: less than 60 cm of
ash-fall occurs between the tuffs of Crooked Canvon and
the underlying units of the Timber Mountain Tuff,
whereas about 18 m (60 fu) of thin-bedded ash-fall tuff
separates the overlving, 9.5-m.y., unit from the tulfs of
Crooked Canyon near their pinchout on the east flank of
Timber Mounwin dome. On the west side of the Oasis
Valiey caldera segment, about 300 m (1,000 {t) of volcanic
rocks, comprising bedded tuff, three ash-flow tuff cooling
units, and a Java flow., occurs within this same
stratigraphic interval in calderafill (fig. 23). Moreover, the
cooling units within the 300-m caldera-fill interval are
peuologically dissimilar from the underlying quartz-
bearing .uffs >f Crooked Canyon and other units of the
Timber Mountain Tuff as herei:. defined. From this strati-
graphic and peuologic evidence, the tuffs of Crook=d
Canyon apparently are close in K-Ar age to the Ammomia
Tanks Member, possibly about 11 m.y.

The peuologic and inferred close-time relations
between the vpper units of the Timber Mountain Tuff are
consistent with the relatively small volume of *he tuffs of
Crooked Canyon. their lack of compositional zoning,
their generally nonwelded 1o partly weided character, and
their siratigraphic position as uie youngest tuffs of the
Timber mounuin eruptive sequence. All these features
indicate 2 martked decrease in the eruptive activity of the
Timber Mountain magma chamber (fig. 3) following

voluminous eruptions of the Rainier Mesa and Ammonia
Tanks Members and the onset of resurgent doming ol
Timber Mouniain.

DEBRIS FLOWS

The term “debris flows” as used here designates clastic
deposits emplaced by rapid [lowage ol coarse and fine
detritus. Such deposits are exposed within Timber
Mountain caldera near the castern and northern walls und
within the Oasis Valley caldera segment in the Transvaal
Hills and near the west wall just west of Oasis Mouniain
(figs. 14, 16). The unit overlies and locally intertongues
with the uppermost part of the Rainier Mesa Member in
the vicinity of test well 8 and in Beauty Wash where it
crosses the southernend of the Transvaal Hills(fig. 14) but
is not ccnridered part of the redefined Timber Mountain
Tuff. The debris flows underlie the Ammonia Tanks
Member and pre-Ammonia Tanks rhyolite lava in drill
hole UE18r (fig. 3). The unit has not been found outside
Timber Mountain caldera or the Qasis Valley caldera
segment.

The debris {lows are best exposed on the east side of the
Timber Mountain caldera south of test well 8 (fig. 16)
where the unit consists mostly of blocks of welded tuff as
much as 6 m (20 {1) long in a yellowisn-gray to grayish-
orange tuffaceous matrix. The lower part of the deposit is
nonsorted anJ nonstraufied and apparently represents a
single debrts [low, but the highest part of the unit contains
well-sorted and bedded lenses of rework 1 twff which
sepa.ate several thinner flows. These hinner f{lows
contain more fine wifaceous matrix with fewer angular
cobbles than does the single flow. and the thinner flows
may have been emplaced as successive mudflows. All rock
types present in the caldera wall, including the lower
rhyolitic subunit of the Rainier Mesa Member, are present
in the coarse detritus. Densely welded twulff of the Paint-
brush Tuff, Grouse Canyon Member of the Belied Range
Tulf, and rhyolite of the lower part of the Rainier Mesa
Member occur as blocks in the debris flows along the east
wall of Timber Mountain caldera; fragments of rhyolite
lavas predominate iaside the north wall where pre- and
post-Tiva Canyon rhyolite lavas are exposed. In the
southern part of the Transvaal Hills, tragments of intra-
cauldron Paintbrush Tuff are most abundant and indicate
a source from the Claim Canvon cauldron seginent. The
debris flows are exposed in places inside the Oasis Valley
caldera segment west and south of Qasis Mounwin and
contain an assemblage of blocks similar 10 those of the
debris [lows inside Timber Mountain cldera.

Debris [fows related 1o caldera collapse were penetrated
indrill hole UE18r from a depth of 1,183 to 1,442 m (3.880
to 4.730 f1). They are overlain by pre-Ammonia Tanks
rhyolite lava and underlain by the Rainier Mesa Member.
Blocks many feet acruss are contained in a wffaceous
matrix. Most of the debris is welded wff of the Paintbrush
Tulf. but rhyolite lava intercalated with Paintbrush and
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blocks of rhyolitic Rainier Mesa are also present. No rocks
older than Paintbrush Tuff were identified.

The suratigraphic position of the debris flows, their
intertonguing relation with the up| Rainier Mesa
quare latitic wff, the presence of rhyolitic blocks from the
lower part of the Rainier Mesa, and finally the location of
the exposed ends of the flows just within caldera walls all
indicate that the bulk of the debris flows were generated
caasuophically within a short period ol timeasa resuliof
caldera collapse related to the eruption of the Rainier Mesa
Member. The debris flows contain assosted discrete blocks
of the lower rhyolitic subunit of the Rainier Mesa,
indicating the presence of already soliditied Rainier Mesa
in the caldera wall. This relation further suggests that the
Rainier Mesa Member is a composite ash-flow sheet in
Smith’s (1960a) werminology.

LAVAS PETROLOGICALLY RELATED TO
TIMBER MOUNTAIN TUFF

PRE-RAINIER MESA LAVAS

Lava fows underlie the Rainier Mesa and Ammonia
Tarks Members. The lava flow immediately under each
member is petrographically similar to the member which
overlies it. The pre-Rainier Mesa lavas (fig. 14) are
divisible into two petrographic types: low-silica thyolite
lavas with sphene—the rhyolite of Windy Wash of
Christiansen and Lipman (1965)—and high-silica
rhyolite lavas without sphene and with [ew malic pheno-
crysts, petrographically and chemically like the high-
silica rhyolitic wif of the Rainier Mesa Member (fig. 15).
The stratigraphic relations between these two rhyolitesare
not certain, but the fact that the high-silica rhyolite is
petrographically more similar to the overlying Rainier
Mesa Member than to the rhyolite of Windy Wash suggests
that the high-silica lava postdates the rhyolite of Windy
Wash. Moreover, the rhyolite of Windy Wash bears some.
pewrologic affinity to the underlying Tiva Canyon
Member of the Paintbrush Tuff and to the post-Tiva
Canyon rhyolite lavas, mainly in sphene content and in
the composition of opaque iron-titanium oxides
(Lipman, 1971). The rhyolite lavas of Windy Wash
commonly have a dark basal vitrophyre overlain by a pre-
red devitrified ‘nterior. Feeder dikes of these flows are
exposed as radial dikes in the south wall of Timber Moun-
1ain caldera (Byers and others, 1976), and one dike can
actually be traced into the flow on therim ofthecaldera. A
rhyolite lava identical in lithology and chemistry (W. D.
Quinlivan and P. W. Lipman, written commun., 1974) to
the rhyolite of Windy Wash was penetrated in two dril}
holes in Silent Canyon caldera (fig. 14). This lava was
called “quaru-rich lava of Scrugham Peak quadrangle”
by Byers and Cummings (1967) and by Orkild, Sargent,
and Snyder (1969; see composite diagram of their usage in
fig. 7). The nearly identical thin-section modes of flowsin
these two arcas on opposite sides of Timber Mounuain
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caldera are shown in figure 19. The close similarity in
composition of the lavas in these two areas suggests that
the lavas were erupted at about the same time from the
same compositional layer in the underlying magma
chamber.

The high-silica rhyolite lava crops out on the south-
west side of the Timber Mountain-Oasis Valley caldera
complex in the vicinity of Beauty (fig. 14). It has a typical
glassy envelope with a light-gray devitrified interior. The
Java is rather sparsely porphyritic and conuains about
equal numbers of quartz and sanidine phenoarysts; the
sanidine has cryptoperthite(?) reaction rims similar to
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those of sanidine phenocrysts in the Rainier Mesa
Member.

The pre-Rainier Mesa rhyolite lavas correlate in part
with “rhyolite flows and intrusives” of Cornwall and
Kleinhampl (1964, p. J11; pl. 4). A K-Arage determined on
the high-silica rhyolite under the Rainier Mesa Member
east of Beatty is 1).3 m.y. (Kistler, 1968, p. 255), the same
age as the Rainier Mesa Member (Marvin and others, 1970,
p. 2261).

PRE-AMMONIA TANKS LAVAS IN TIMBER MOUNTAIN

CALDERA MOAT

The pre-Ammonia Tanks lavas are exposed near the
north and southwest walls of Timber Mountain caldera
(tig. 16) beneath thin glassy exposures of the Ammonia
Tanks Member. These outcrops are in the outer annular
moat which subsided during the eruption of the Rainier
Mesa Member but which was not affected by collapse
related to the eruption of the Ammonia Tanks Member
(fig. 16). The lavas in the northern moat area of Timber
Mounuin caldera were called “rhyolite lavas of Timber
Mounuain caldera moat™ on the map of the Scrugham
Peak quadrangle (Byers and Cummings, 1967; fig. 2). In
addiuon to the surface exposures, a lava flow was
penetrated in the interval from 1,082 to 1,183 m (3,550 1o
3,880 ft) in drill hole UEI8r (figs. 3, 16) between the
Ammonia Tanks Member and the underlying debris flows
which partly filled the collapse area related to eruption of
the Rainier Mesa Member.

The pre-Ammonia Tanks lavas are glassy in the lower
parts and have subjacent locally fused bedded tuff. The
interiors of the flows are purplish gray laminated to light
gray microcrysualline with conspicuous quartz pheno-
crysts. The upper parts are light gray. porous, glassy, and
commonly brecciated, typical of most rhyolite lavas. The
lavas conwin sphene and are petrochemically (W. D.
Quinlivan and P. W. Lipman, written commun., 1974)
generally similar 1o rhyolitic parts of the Ammonia Tanks
but contain fewer phenoaysts. Thin-section modes (fig.
15) of the northemn lava are the same as those of the
southern lava (fig. 16), indicating a close r.agmatic and
temprral relatonship similar to that between the
northern and southem bodies of the rhyolite of Windy
Wash of pre-Rainier Mesa age (fig. 19; already described.
The cycle consisting of eruption of lava followed by
eruption of tuff peurologically similar to the lava appears
to have been repeated.

A core of the uppermost zeolitized brecciated part of pre-
Ammonia Tanks rhyolice lava from drill hole UE18r
contained about | percent phenocrysts, consisting of
sparse quariz, sanidine, and | phenocyst of sphene. This
nearly aphyric lava may havs been extruded at a slighuly
different time than the iavas exposed in the northern and
southern moat areas of Timoer Mountain caldera, but the
sampie may not be truly representative.

The age ol the pre-Ammonia Tanks thyolite lavas is
bracketed by K-Ar ages of 11.3 m.y., determined on the
Rainier Mesa Member (Marvin and others, 1970). and 11.}
m.y., determined on specimens of the Ammonia Tanks
Member of the Timber Mountain Tuff (Kistler, 1968). The
thermal remanent magnetization is reverse like that of the
underlying Rainier Mesa but unlike that of the mveriving
Ammonia Tanks Member (G. D. Bath, written cotnmun.,
1965).

INTRUSIVE ROCKS AND RELATION TO
RESURCENTY DOMING

Intrusive rocks on Timber Mountain resurgent dome
that are largely pcst-Ammonia Tanks comprise an outer
wff-dike zone, an inner microgranite-porphyry ring dike
(Carr. 1964, n. B17), and intrusive rhyolite mainly in the
central part of the dome (fig. 18). These intrusive rocks are
peuologically closely similar to either high-silica
thyolitic or quarz latitic subunits of the Timber
Mounuain Tulfl; these sim.iarities, together with position
and field relations of the intrusive rocks on Timber
Mounuain resurgent dome, imply a close genetic relation
to the Timber Mounuwain Tuff. Presumably the tuffs, the
related lavas, and the intrusive masses were derived from
the same underlying magma that resurged and caused the
doming of Timber Mountain.

The tulf dike zone crops out on the outer eastern flank ot
the Timber Mountain dome and parallel w0 it (fig. 18). The
dikes dip steeply inward toward the .enter of Timber
Mounain (fig. 20). They are mostly high-silica rhyolite in
composition =nd range in thickness from 0 10 8 m (26 ft).
They intrude a distinctive brown devitrified facies of lower
quarz latite of the Ammonia Tanks in an areaabout 150 m
(500 fr) wide. Some dikes appear 1o be feeders to the
uppermost high-silica rhyolite subunit of the Ammonia
Tanks, for this subunit is not only pewrographically
identcal with these dikes ({ig. 21), but also contains the
same distinctive brown xenoliths of the lower quart latite
subunit of the Ammonia Tanks. These dikes have a sharp
contact with the Ammonia Tanks but show no evidence of
chiiling, indicating that the Ammonia Tanks was stil] hot
at the time of intrusion.

A few dikes are peuologically similar to the two tuffs of
Crooked Canyor, which also conwin xenoliths of
Ammonia Tanks quaruz latite. The slightly finer grain size
of these dikes, at the contact indicates chilling and
suggests thai the dikes were intruded after the Ammonia
Tznks had cooled somewhat. Although it is not possible to
distinguish petrographically between dikes that may have
been feeders for either the lower or upper tutf of the wuffs of
Crcoked Canyon, the presence of xenoliths in the tuffs
indicates that their vent source was probably the wif dike
zone. No modal ranges of these dikes are shown in figure
21, because the feldspar phenoaysts are too altered to
allow distinguishing sanidine and plagioclase.
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Ficuaz 20.—Rhyolitic tuff dike cuts basal quaru latite of Ammonia
Tanks Member and dipe inward (westerly) along arcuate 0ne¢
around the east flank of Timber Mounuain dome. Dikes were prob-
ably feeders for uppermost high-silica rhyolite of Ammonia Tanks
and tufls of Crooked Canyon. Flattened pumice (P, barely visible)
and biotite foliation in Quaru latite host Tock are parallel 1o walls
of dike. Note [ragments of dark quaru latite tuif in dike and white
(recryswailized) nonflauened pumice in quaru latite host rock. Ex-
posure in Brushy Canyon (lig. 18).

The microgranite porphyTy ring dike consists of several
alined discordant bodies (fig. 18) that intrude the lower
™ part of the Ammonia Tanks Member. The dike is in an
inner ring-fracture zone closer than the tuff dike zone to
T the apex of the Timber Mounwin dome. Here the
Ammonia Tanks is extremely thick (fig. 16) and may have
extended as much as 600 m (2,000 ft) above the highest level
penetrated by the ring dike. The contacts of the various
bodies are abrupt, and the porphyry shows no change in
texture or mineralogy at the borders. The lack of chilled
borders suggests that the Ammonia Tanks host rock was
still hot when the dikes were emplaced. Several of the dikes
and irregular bodies broaden downward, presumably to
connect at depth. The ring-dike systs=m is generally
paraliel 10 an arcuate fault zone, a short distance to the
southeast. Both the arcuate fauli zone and als» the ring
dike dip steeply southeast (fig. 18), away from the central
part of Timber Mountain resurgent dome. The intiusion
of the porphyry dike probably accompanied the resurgent
doming of Timber Mountain (Carr, 1964, Carr and
Quinlivan, 1968, p. 105-104).

The microgranite porphyry is near’y uniform in general
appearance, textuie, and color; small bodies differ only

slightly in texture from the largest. It is medium- to light-
gray nonfoliated fairly homogeneous porphyritic rocx
containing abcut 350 percent phenocrysts of abundant
feldspar as much as | ¢cm across, minor biotite, and clino-
pyroxene ({ig. 21) in a very finely granular groundmass.
Quaru and sphene phenocrysts are absent. The large
feldspar phenocrysts consist of small plagioclase cores less
than 3 mm in size, rimmed by a thick jacket of alkali
feldspar. The groundmass is largely quare and alkali
feldspar, 0.1 10 0.2 mm in size and partly as granophyric
intergrowths. The microgranite porphyry is almost
chemically identical with the more mafic quare latitic
upper part of the Ammonia Tanks that contains 66-68
percent silica (W. D. Quinlivan and P. W. Lipman.
written commun., 1974). The miaogranite porphyry.
however, had atuained a more advanced stage of crystal-
lization, as evidenced by (1) larger and slightly more
abundant phenocrysts (fig. 21) and (2) more abundant
alkali leldspar in th= form of thick outer jackets enclosing
piagioclaze in the larger phenocrysts. Mafic quartz latites
ol the Ammonia Tanks and also the micogranite
porphyry contain litde if any quartz and sphene. The
name "'microgranite porphyry’ was applied to these rocks
prior w obuaining chemical analyses (W. D. Quinlivan
and P. W. Lipman, written commun., 1974).

In additon to microgranite porphyry dikes, pipeitke
and pluglike bodies of rhyolite, and probably quartz latite,
intrude the upper part of the Ammonia Tanks Merberon
Timber Mcunuin dome. Contact zones are co..monly
glassy and gradational through a horizonul zone of as
much as 90 m (306 ft); considerable mixing and
remobilization occurred between the glassy intrusives and
the wif subunits of the Ammonia Tanks. A few intrusives
are coextensive with small extrusive domes that rest on.
and show a complete cooling break from, the upper part of
the Ammonia Tanks. Two petrologic types in different
structural seutings on the dome are included in the
intrusive rhyolite. The rhyolite of Parachute Canyon (fig.
18), probably a quartz latite, is on the north flank of the
dome near the inner ring-facture zone, which is not well
exposed here. In contrast, the rhyoliie lavas of East Cat
Canyon are composed of high-silica rhyolite, and were
extruded from vents along faults of the central graben of
the resurgent dome.

The rhyolite of Parachute Canyon is a plug dome, as
evidenced by vertical foliation near steep contacts. Vertical
foliation is iacking in areas where the rhyolite reached the
surface and flowed onto the upper part of the Ammonia
Tanks Member. The interior of the body is light gray and
porphyritic. and contains abundant small lithophysae,
but it is encircled by a darker, finer grained border zone
that is locally glassy, particularly on its northwest side
where it apparently flowed onto the Ammonia Tanks. The
border zone appears to consist of a few hundred metres of
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Ficuxx 21.—Modal and silica ranges of intrusive rocks on Timber Mounwin compared with ranges of high-silica rhyolite and quaru latite

Ammonia Tanks near the apex of the Timber Mounain
resurgent dome (fig. 18). The pipes are localized along the
faulted margin of a northwest-trending central graben,
described by Carr and Quinlivan (1968, p. 103). The
central parts of the pipes are light gray and devitrified,
whereas the border zones are generally glassy or finely
spherulitic. In a few places a crysaallized transitional
border zone as much as 15 m (50 ft) wide contains
alternating bands of rhyolite having different phenoayst
contents and probably represents a zone of intermixed
intrusive high-silica rhyolite and remobilized quaruz latite
wallrock of the Ammonia Tanks Member. The modal
range of three specimens and the silica content of 76.8
percent approach the composition of a typical high-silica
rhyolite of the Ammonia Tanks Member (tig. 21).

The infeiced relations among the Ammoniz Tanks
Member in the Timber Mouauin resurgent dome, the
petrologically related intrusives. and an inferred under-
lying compositionally zoned magma chamber are shown
in figure 22. The two-layer compositional zoning of the
upper part of a Jarge magma chamber is based on models
suggested Ly Quinlivan and Lipman {1965), by Lipman,
Christiansen, and O’Connor (1966), and t; Smith and
Baiiey (1966). The inward-dipping wff dikes {ormed from
high-silia rhyolite magma near the apical part of the
magma chamber and are somewhat analogous (o cone
sheets (Anderson, 1936). The rhyolite intrusives of East

Member of Timber Mountain Tulf. Silica analyses from

mixed flow-banded rhyolite and probably fused mobilized
quartz latite wallrock of the upper part i the Ammonia
Ta.ks Member. Parts of the intrusive mass are quarzrich,
and others are quartz poor. thus indicating a pronounced
internal compositional variation that may reflect
composile intrusions.

The porphyritic central part of rhyolite of Parachute
Canyon, whose mode is shown in figure 21, ismorelikelya
quartz latite. Phenocrysts of alkali [eldspar. as much as 8
mm across, enclose cores of subordinate plagioclase, with
minor embayed quarz and biotite, all in 2 micro-
cystalline groundmass. This central “part petro-
graphically shows a striking textural and modal similarity
10 the micrograniie porphyry dike (fig. 21), except for
smaller groundmass crystals and somewhat fewer pheno-
crysts, and it probably represents a more chilled fine-
grained upward extensicn of similar microgranite
porphyry at depth. The quaruz and sphene in the central
part may represent mixture at one stage or another of
chilled rhyolitic wiff of the Ammonia Tanks Member or of
similar magma composition. The Parachute Canyon vent
is aiso located near the inner ring-fracture zon: on the
flank of the Timber Mountain dome, a structural posi-
tion similar to that of the porphyry ring dike on the south
side ([ig. 18).

. Pipelike intrusives of high-silica rhyolite, one grading
upward into a plug dome, cut the upper part of the
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Cat Ganyon, localized along marginal faults of the central
graben, also formed from the high-silica rhyolite in the
upper part of the magma chamber. The outward-dipping
microgranite porphyry ring dike formed from quaru
latitic magma, which averaged about 68 percent silia, and
lay below the high-silica rhyolite interface.

This idealized model of the magma chamber would
probably be atained prior to and reestablished a short
time after the voluminous extrusion of the Ammonia
Tanks Member with its complex compositional grada-
tions of high-silica rhyolite and quaruz latite. Intermixing
of these two compositions within the Ammonia Tanks
Member inside the Timber Mountain caldera indicateg
disturbance of the interface (fig. 22) and probably the
extrusion of the Ammonia Tanks Member from many
vents, as originally suggesied by Quinlivan and Lipman
(1965).

CALDERA COLLAPSES RELATED TO
ERUPTIONS OF RAINIER MESA AND
AMMONIA TANKS NEMBERS

Discussion of areas of collapse related to eruptions of the
Rainier Mesa and Ammonia Tanks Members of the
Timber Mountain Tuff has been deferred until all the
petrologically related quaruose igneous rocks that are
defined as belonging to the Timber Mounuin caldera
center have been described. Timber Mounuain caldera, as
shown in figure 1 and otner illustrations of this report, was
originally defined not on the basis of its extrusive products
but as a volcano-topographic feature in the Williams
(1941) sense. The perspective diagram (see frontispiece)
illustrates the extent of a subcircular caldera wall
enclosing a moatlike annular area surrounding the central
dome. Only in the northwestern part, where Thirsty
Canyon has been incised, is the caldera wall lacking.
These topographic features, indicative of a caldera and
central resurgent dome, were recognized by R. L. Smith as
early as 1960, and the name Timber Mountain was applied
to the caldera and resurgent dome after the topo-
graphically prominent central mountain. There are,
however, not one but two voluminous coextensive ash-
flow shects, prtrologically similar and erupted within a
few hundred thousand years of sne another, that are dis-
uributed peripherally to Timber Mounuin caldera. Did
Timber Mountain caldera as defined topographically
result as a collapse feature related mainly to eruption of
the Rainier Mesa Member. or is it 2 composite caldera
resulting from two or more eruptions of Timber
Mounwin Tuff, or, still a third possibilitv did other
adjacent areas subside, producing a volcano-tectonic
dzpression, during eruption of the members? These alter-
natives and their possible comouinations are considered
next.

The known areal extents of both the Rainier Mesa and
Ammonia Tanks Members are closely similar, as a

comparison of figures 14 and 16 will show. The extra-
caldera thickness of the Rainier Mesa Member. however. s
locally two to three times thicker than the Ammona
Tanks in former 1opographic depressions such as Stlent
Canyon aldera; elsewhere the Rainier Mesa Member is
generally 50-100 percent thicker than the Ammaoma
Tanks (Byers and others, 1968, p. 91 and 98). Inasmuch 4
the inuracaldera thickness of the Rainier Mesa Member 1y
not known, only a minimum volume of 1,200 kin® | 300
mi') of the Rainier Mesa Member can be inferred.
compared with a2 more accurately known total volume of
900 km? (230 mi®) of the Ammonia Tanks. The nira-
caldera thickness of the Rainier Mesa might well be twice
that of the Ammonia Tanks, and the total volume of the
Rainier Mesa Member might well be nearly twice that of
the Ammonia Tanks. Obviously, the approach of
comparing the extracaldera volumes of the members with
the areas and volumes of collapse is fraught with many
unknowns, i..cluding the intracaldera thickness of the
Rainier Mesa. A further cc.aplicating factor is the
possibility that an inner Ammonia Tanks ring-fracture
zone may have also been loci for some collapse along an
inner zone during eruption of the Rainier Mesa Member.
As afirstapproach, however, it seems likely that the area of
collapse related to the Rainier Mesa eruption would be
somewhat larger than that related to the Ammonia Tanks
eruption. Forwnately, more direct evidence bearing on
this problem is available.

Th= area of collapse related to the e: .ption of the
Ammonia Tanks Member is considered first, because
thicknesses, facies, and other geologic relations are some-
what better known than those parameters of the Rainier
Mesa Member. The areas of collapse related to eruption of
the Ammonia Tanks Mzmber are inferred mainly from
sequences more than 300 m (1,000 ft) thick that are
strongly deviuified and conuin granophyric pumice.
Inside Timber Mountain calde;a the main area of colla pse
is outlined in figure 16. Another probable area of
Ammonia Tanks collapse is indicated in the Oasis Valley
caldera segment by the 450-m-thick (1,500-ft) strongiy
devitrified Ammonia Tanks exposed on Oasis Mountain.
The thick granophyric facies of the Ammonia Tanks
Member on Timber Mountain resurgent dome was
penetrated in drill hole UE1S8r (fig. 3), but core from the
drill hole lacks the upper part of the Ammonia Tanks,
suggesting that the area occupied by Timber Mountain
domce further collapsed within an innermost ring-fracture
2one, inside the area of outer collapse enclosed by th= 300-
m isopach (fig. 16). The area around the large mass of pre-
Ammonia Tanks rhyolite lava (fig. 16) is obviously
outside the caldera related 10 Ammonia Tanks collapse,
although it is inside the prominent north wall of Timber
Mounuain caldera. Between this north wall and the
inferred wall related to Ammonia Tanks collapse (fig. 16),
the Ammonia Tanks Member is glassy, partly welded, and
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less than 60 m (200 ft) thick=typical of the extracaldera
facies.

Similar relations occur just inside the south wall ol

“imber Mountain caldera along a narrow annular tone

~___+hout 1.5 km wide in which a pre-Ammonia Tanks lavs

flow is overlain by thin glassy Ammonia Tanks (l1g. 16).
T'his narrow :one, obviously, was not within the collspee
aten related 10 the Ammonia Tanks Member, but this tone
 within the calders wall continuous with that related o
the eruption of the Rainier Mesa Member.

O .3 Mounwin (lig. 16) occurs in a large westerly
wil.ent or “scallop” of the Oasis Valley caldera segment.
[ he mounwin is composed of at least 450 m (1,500 ft) of
dense deviuilied ash-flow tuff of the Ammonia Tanks
having very low sorosity. The general atiitude of the
Ammonia Tanks as desermined by the basal conuact (lig.
29) and by a prominent parting in the middle is 30°-35°
castward, but in the upper pan streiched granophyric
pumice dips 70°-80°. The upper part probably slid
Jowndip, possibly as a result of caldera collapse farther
rasl in the caldera segment.

The Ammonia Tanks thins 10 about 150 m (500 ft) over
mujerately westward-dipping Rainier Mesa in the
Transvaal Hills (lig. 23) on the east edge of the Oasis
Valley caldera segment; a 10°-15® angular discordance
ccurs between the Ammonia Tanks and Rainier Mesa.
L.ocally, an angular unconformity as much as 10° occurs
between the westerly dipping upper and lower parts of the
Ammonia Tanks. The thinner upper part chilled to a

trophyre and 1s loaally “frozen” to the thicker more

viuvified lower part. The local small angular
discordance and the implied partial cooling break indicate
minot conlemporancous westiward tlung during
emplacement of the Ammonia Tanks Member.

In summary, the area of collapse related 10 the eruption
of the Ammonia Tanks was mainly peripheral 10 the
Timber Mountain resurgent dome, because that is where
the Ammonia Tanks is thickest and where the resurgence
ook place. High-silica rhyolite lavas that petrologically
resemble parts of the Ammonia Tanks are present in the
Timber Mountain caldera moat just outside the area f
collapse. Thick:.ssses of more than 450 m (1,560 fu),
steeply dipping suetched pumice at Oasis Mounain, and
a local 10° angular unconformity within gently westward
dipping Ammonia Tanks in the Transvaal Hills suggest
that the floor of the Oasis Valley caldera segment partialiy
subsided and tilied westward with the eruption of the
Ammonia Tanks. This subsidence, however, was
considerably less than that penpheral 10 Timber
Mounuain dome.

The approach to the problem of the area of Rainier
Mesa subsidence is more indirect ar.d perhaps less
convincing than in the case of the Ammonia Tanks.
Several years ago D. C. Noble (written commun., 1966)
- suggested that the area of collapse related to the eruption

ol the Rainier Mesa Member included not only Timber
Mountain caldera, but also Oasis Valley caldera segment
and most of Sieeping Butte segment as well. There was
lintle direct evidence 10 support his hypothesis at the time,
but as geologic mapping and lield checking became
completed i1n the caldera segments west ol Timber
Mounwsin caldera, the hypothesis of a larger area of
subsidence related 10 the Rainier Mesa erupton has
become more atiractive.

There can be linle doubt that the topographically
defined Timber Mounuin caldera was the main site of
collapse caused by eruption of the Rainier Mesa Member.
Under the description of debris flows, emphasis was
placed on the unique intertonguing relation of the debris
with the uppermost part of the Rainier Mesa Member, and
on the fact that the debris [lows lap onto the north and east
walls of the topographically defined Timber Mountain
caldera. The debris [lows, moteover, comain blocks
locally derived from -he adjacent caldera-wall. Clearly
then, the debris flows, at least the basa! parts of them that
intertongue with the uppermost Rainier Mesa, record the
late stages of collapse related to the eruption of the Rainier
Mesa (Byers and others, 1968). The onlapping relation of
the debris [lows 10 the caldera wall outlines the limits of
structural movement related o extrusion of the Rainier
Mesa. Although the Rainier Mesa and the debris flows aie
buried by younger deposits elsewhere around the
continuation of the caldera wall, the continuation «f the
wall and onlaoping thin Ammonia Tanks at a few _iaces
just inside the wall indicate that Timber Mountain
caldera, as defined hereir:, was also the site of collapse
associated with eruption of the Rainier Mesa Member as
well as the Ammonia Tanks.

The Transvaal Hills (fig. 14) form the exposed west wall
of Timber Mountain caldera as topographically
defined—yet here the Rainier Mesa Member is more than
450 m (1,500 f1) thick, and the base is not xposed. The unit
has a gray granophyric texture, typical of thick ash-flow
tuffs. Debris flows intertongue with the uppermost
Rainier Mesa and overlie it in the same relation as within
Timber Mountain caldera. Although the Rainier Mesa
dipsabout 25° W, suggesting a dip outward away from the
caldera wall, the debris flows exposed between the Rainier
Mesa and the Ammonia Tanks thin and pinch out north-
ward in the Transvaal Hills alongalineabout 5km (3 mi)
north of the south wall of the Gasis Valley caldera
segment. Moreover, the debris flows are exposed under the
Ammonia Tanks for a few miles westward just inside the
south wall of Oasis Valley caldera segment, analogous o
the relations along the north and east walls of Timbes
Mountain caldera.

Al Oasis Mounuain (figs. 14, 16), in the westerly salient
or "sacallop” of the Oasis Valley raldera segment, the thick
eastward-dipping Ammonia Tanks rests on at least 90 m
{300 [t) of debris [lows, whose base is not exposed (see fig
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28). The debristlows contain rhyolite blocks of the Rainier
Mesa and Tiva Canyon Members similar in lithology to
the same units exposed in the Bullfrog Hiils to the west.
Again, those relations are analogous to those inside
Timber Mounuin caldera, where blocks in the debris
flows are derived from the adjacent wail. In fugure 23, we
have interpreted the western limit of Rainjer Mesa
collapse to lie just west of Oasis Mountin. The deeper
partt of the cauldron subsidence was probably a few miles
farther exs: under Oasis Valley, as indicated by a strong
gravity gradient (D. L. Healey, written c>mmun., 1969).

Alternatively, the thick exposure of the Rainier Mesa
sheet in the Transvaal Hills may not have accumulated in
its own cauldron subsidence, but may have accumulated
in an earlier Oasis Valley segment of the Claim Canyon
cauldror. as suggested by Christiansen and others (1976).
We recognize this probability, because the cutline of the

buried Claim Canyon cauldron shown in figures8and 10
includes the Tronsvaal Hills. However, the additional
evidence, just cited, concerning the extent of the debris
flows around the edges of Oasis Valley calderx segraent
suggests partial collapse during the Rainier Mesa
eruptions.

Also suggesting that the west wall of the subsidence
associated with the Rainier AMesa eruption may be west of
the Transvaal Hills are the two, Rainier Mesa-related,
high-silica rhyolite lavas just east and north of Rratty (lig.
14). Other lavas previously discussed, especially the pie-
Ammonia Tanks lavas (fig. 16), are generally withina few
kilometres of the cauldson subsidence associated with the
petrologically related tuffs. The high-silica rhyolite petro-
logically related to the Rainier Mesa Member ( fig. 15} in
the Bullfrog Hills (fig. 14) would be more than 15 km (9
mi) away from a caldera wall located in the Transvaal
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Hills. It is far more likely, on the basis of comparison of

the location of other rhyolize lavas to known related

cauldron subsidences, that the Oasis Valley caldera

~ ~ ~ment collapsed during eruption of the Rainier Mesa.

availability nearby of high-silica rhyolite magma

—._sicates that the volatile-rich magma near the top of
magma chamber probably underlay Oasis Valley.

D. C. Noble (written commun., 1966) interpreted the
westward-dipping thick Rainier Mesa Member in the
Transvaal Hills o be the tilted remnant of a central
~ resurgent dome. According to the resurgent dome hypo-

thesis, post-Rainier Mesa magmatic pressure related to an
underlying mobile body of batholithic proportions may
have caused the uplift and westward tilt, possibly forming
a central resurgent dome that foundered with the erup-
tion of the Ammonia Tanks Member. Christiansen and
others (1976), however, emphasize several observations
that are detrimental (o the hypothesis.

In conclusion, we believe the evidence strongly suggests
that westward tilting and partial subsidence of the Oasis
Valley caldera segment may have occurred along with sub-
sidence of the Timber Mountain caldera during eruntions
of both the Rainier Mesa and Ammonia Tanks Members.
These repeated composite subsidences would thereby
outline a volcano-tectonic depression, as originally
defined by van Bemmelen (1950, 1932). The Timber
Mounuin ldera and its adjoining Oasis Valley caldera
segment prodably overlay the apical part of a magma
chamber of batholithic magnitude.

—

YOUNGER INTRACALDERA ROCKS IN TIMBER
MOUNTAIN AND OASIS VALLEY CALDERAS

Following the climactic eruptions and resurgen-c at the
Timber Mauntain center there was a brief period of
relative quiescence with local small lakes in the caldera
moat. The earliest bedded tuffs on the flank of the dome
are sandy, well sorted, and cross-laminated. These features
suggest that the ash-fall wif was reworked by water and
that little, if any, volcanic activity took place. Moreover,
the earliest mafic lavas are palagonitized, which suggests
interaction with water. Locally as much as 30 m (100 ft)of
sediments accumulated, inzluding calcareous sandstone
and silistone in both Oasis Valley and Timber Mountain
calderas. Upon renewal of volcanic activity, the composi-
tion of the first intracalder~ tulfs and lavas had drastically
changed from highly silicic rhyolites of the Timber
Mounuin Tuff, to plagioclase-rich low-silica rhyolites,
rhyodacite, and mafic lavas. The chemical character,
however, of the post-Timber Mountain rocks remained
alkali-aalcic.

RHYODACITIC AND MAFIC LAVAS

The oldest post-Timber Mountain rocks to be extruded
on the flank of the resurgent dome were intermediate to
malfic lavas and relatively restricted in volume. Twoof the
largest areas of these lavas are on the east and south flanks
of Timber Mountain dome (fig. 24). The smaller lava flow
on the southern [lank is an olivine-bearing trachyandesite
(latite of Lipman, Quinlivan, and others, 1366) which has
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10-percent phenocrysts consisting of 90-percent plagio-
~lase and 10-percent olivine, biotite, clinopyroxene, and
orthopyroxene. The larger lava flow on the east flank is
more exposed and has been more extensively sampled than
the smaller [low. The larger lava flow is a phenocryst-rich
rhyodacite whose mode and silica content are shown
graphically in figure 25. A complete chemical analysis of
this rock was furnished by W. D. Quinlivan and P. W.
Lipman (written commun., 1974).

TUFFS OF FLIUR-DE-LIS RANCH

AND RLLATED RHYOLITE LAVAS
The tufls of Fleur-de-lis Ranch are most completely
exposed on the west side of Oasis Valley just west of the
Fleur-de-lis Raach (fig. 24) where three petrographically
similar ash-flow twff cooling units include an inter-
calated lava flow between wiff units 2 and 3. Tuff units }
and 2 gop out only at this locality where the aggregate
thickness of all three tuffs and the lava is about 300 m
(1,000 ft). Tuff unit 3 and the underlying lava extend
southward: Oasis Valley is a narrow gorge where it cuts
through these units. The only other place where a similar
tif is exposed is beneath a lava plug dome in an old vent

‘south of Beatty Wash (fig. 24). Here a paruly fused wff,

possibly a vent-related hot ashfall, dips inward toward the
center of the plug dome and encloses it.

The lavas at both localities are modally closely similar
to the enclosing tuffs of Fleur-de-lis Ranch and also to the
rhyolite lava at West Cat Canyon (figs. 24, 25), where the
wiffs are absent. For convenience, all these lavas are
designated the rhyolite lavas of West Cat Canyon.

The tuffs of Fleur-de-lis Ranch and the related rhyolite
lavas of West Cat Canyon reston the oldest bedded tuff and
sediments that fill Oasis Valley and Timber Mountain
calderas and are overlain by the wff of Cutoff Road, which
1s included with the tuffs of Fleur-de-lis Ranch in figure
24. Both the wiffs and the associated lavas are probably
thicker and more extensive at depth under the Oasis Valley
caldera segment. The tuffs have not been found flanking
Timber Mountain dome, but the presence of the modally
similar rhyolite lava at West Cat Canyon on the southwcst
flank of the dom: (fig. 24) suggests the possibility of a con-
cealed onlap (Byers and others, 1976, se-. B-B’).

The similar modes of the tuffs and lavas are shown
graphically in figure 25. Individual specimens vary some-
what with respect to total phenocrysts, but the most
common phenocrysts are plagioclase, biotite, and
clinopyroxene—very similar to those of the dominant
mafic pumice in the quaru latitic caprocks of the Paint-
brush and Timber Mounuain Tuffs. One specimen from

" uie interaalated lava west of Fleur-de-lis Ranch north of

Oasis Valley gorge conuins homblende and clino-

pyroxene; specimens collected south of the ZOrge contain
only clinopyroxene. Possibly two separate lava flows at
the same stratigraphic position were sampled. Chemical
analyses of the uppermost tulf at Fleur-de-lis Ranch and
the rhyolite lava at West Cat Canyon are from W. D.
Quinlivan and P. W. Lipman (written commun., 1974).
The high alkalis and silica and high normative quarizand
alkali lfeldspars with low normative anorthite indicate
thyolitic compositions, in contrast 10 more quartz ladtic
compositions of crysal-rich caprocks of Paintbrush and
Timber Mounuin Tuffs. The magnetic polarity of the
upper tuff is normal (G. D. Bath, oral commun., 1964).

TUTY OF CUTOFF ROAD AND RELATED REYOLITE LAVAS

The tuff of Cutolf Road and the rhyolite lavas of Beatty
Wash, which are compositionally equivalent, are the
youngest ash-flow tuff and related lava confined to the
Timber Mounain and Oasis Valley calderas. The tuff
occurs in the Timbe Mounuin caldera moat area and
around the exposed edges of the Owis Valley caldera
segment (fig. 24). The rhyolite lavas of Beatty Wash are
exposed in Beatty Wash in the southern part of Timber
Mounain caldera moat (fig. 24) and extend eastward
under younger rhyolite lavas of Fortymile Canycn. A lava
flow of the same modal petrography aops out in the
bottom of Fortymile Canyon ( fig. 24) beneath the rhyoli.e
lavas of Fortymile Canyon but is included with these
overlying rhyolite lavas on the geologic map of the
Timber Mountain caldera area (Byers and others, .976).
Another lava flow, about 150 m (500 ft) thick, was
penetrated in drill hole UE18r in the northemn caldera
moat; its inferred extent is based partly on a negative aero-
magnetic anomaly (G. D. Bath, writien commun., 1968)
and pardy on structural interpreration of the moat area.

The tuff of Cutolf Road does not exceed 60 m (200 ft) in
thickness where exposed: commonly it is less than 30 m
(100 {t) and nonwelded, except in Oasis Valley on the west
side of the Qasis Valley caldera segment. Near the distal
nonwelded edge on the east flank of Timber Mountain
dome, 2 maximum thickness of 26 m (85 ft) is exposed
where the wff dips gently eastward under cover. The
rhyolite lavas of Beatty Wash are 150 m (500 {t) thick in the
northern moat and greater than 60 m (200 {t) thick in the
southern moat. The ‘lavas are probably a significant
fraction of the towl, owing to the greatly reducsd volume
of tulf erupted from post-Timber Mountain Tufi vents of
the Timber Mountain-Oasis Valley caldera complex.

The wif of Cutoff Road locally unlaps the rhyolite lava
of Beatty Wash in Beatty Wash, but there is less than $ m
(10 ft) of coarse locally derived ash-fall tuff between the
units. The tuf{ overlies the wffs of Fleur-de-lis Ranch or its
associated lavas, but the rhyolite lava of Beatty Wash has
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Ficurg 25.—Modal and silica ranges of younger. intracaldera vokeanic rocks of Timber Mountain-Qasis Valley caldera complex,
uncerain field relation. Rhyolite lava “V* (Lipman, Quinlivan, and others, 1966) may correlate with rthyolite of Pinnacles
cryst is absent. Silica analyses from W. D. Quinlivan and P. W. Lipman (written commun.. 1974).

not been observed in direct stratigraphic contact with these
units. The tuff of Cutoff Road and the rhyolite of Beatty
Wash are inferred to be slightly youngsr than the tuils of
Fleur-de-lis Ranch and the rhyolite lavas of West Cat
Canyon, as indicated pardy by superposition of the tuff
units and pardy by inferred near-equivalence in ume of
petrographically similar tuff and rhyolite lava.

The thin-secdon modes of the tuff of Cutoff Road and of
the rhyolite lavas of Beatty Wash are nearly identical, even
in the relative abundance of sphene (fig. 25). The oniy
slight difference is the presence of sparse quartz in a few of
the tuff thin sections. Both rocks are rhyolites having
identical silica content at 74.5 percent (fig. 25) and there-
fore can be currelated as one swatigraphic unit.

A mean K-Ar age on the tuff of Cutoff Road i. 5.5 m.y. as
reporsted by Kistler (1968, table 1, “wiff of the caldera fill™).
The magnetic polarity for both the tuff and the rhyolite of
Beatty Wash is reversed from the Earth's present field (G.
D. Bath, written commun., 1968).

RHYOLITE LAVAS OF FORTYMILE CANYON

The last activity of the Timber Mountain center resulted

in a sequence of rhyolitic lava {lows. domes, and closely

associated air-fall pyroclastic rocks erupted from a zone
along and just outside the south and west rims of the
Timber Mounwin caldera. The lavas flowed mainly
southward across the outer flank of the caldera structure
but also flowed into the caldera moat, and at one place
lapped onto the Tiniber Mountain resurgent dome (fig.
24). These rocks have been designated collectively the
rhyoliie lavas of Fortymile Canyon (Christiansen and
Lipman, 1965; Orkild and O'Connor, 1970).

The rhyolite lavas of Fortymile Canyon include eight
xnown individual lava flows and domes (fig. 25), each
associated with a sequence of pyroclastic rocks, mainly
bedded tuffs. These flow units and their tffs have been
mapped individually on the T¥-minute quadrangie maps
(fig. 2; Chrisuansen and Lipman, 1965; Orkild and
O'Connor, 1970). No stratigraphic thickness s
meaningful for the unit as a whole because of the limited
areal extent and the large variations in thickness of indivi-
dual flows. Flows areas thick as 300 m (1,000 ft) where they
fill old valleys. The pyroclastic rocks in most instances
thin outward [rom the vent arcas, where piles of tuff and

agglomeiate associated with a single flow are as :nuch as
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Timber Mountain center and are probably the last erup-
tive products of that episode. Their age is bracketed by a K-
Ar age date of 9.5 m.y. on the underlying tutf of Cutoflf
Road and by a K-Ar date of 7.5 m.y. on the overlying
Thirsty Canyon Tulf (Kistler, 1968) from the Black
Mountain caldera centet. The petrochemical trend of the
rhyolite lavas both repeats the main eruptive sequence of
the Timber Mountain-Oasis Valley caldera complex and
continues the trend of the younger intracaldera rocks.
thereby concluding the activity related to the Timber
Mountain center about 9 m.y. ago.

SUMMARY OF GEOLOGIC HISTORY

Prior 10 about 16 m.y. ago the area of the Timber
Mountain-QOasis Valley caldera complex was probably a
terrane of basin-range-type block-faulted mounuins ol
relatively low relief, separated by valleys partially filled
with alluvium and wilf. The vents from which the tuff was
erupted were outside the arca. The youngest of these old
tuffs, the calc-aikalic Fraction Tulf, is sligutly more than
16 m.y. old (all K-Ar dates from Kistler, 1968, or Marvin
and others, 1970); it {lowed into the ancestral valleys of the
Timber Mountain-Oasis Valley area from vents to the
north (Ekren and others, 1971).

The earliest known volcanic activity in the Timber
Mounuin-Qasis Valley caldera complex was the eruption
of predominantly homblende-bearing calc-alkalic ash-
flow and bedded iuffs and subordinate rhyolite lava<
probably related to the Sleeping Butte caldera whc .e
northwest wall is exposed in northern Qasis Valley. Liule
is known of the extent of this early caldera, and for that

e~ in ordet of suatigraphic succession, except as noted.  Query indicates

I T . reason only the extra 1 shown
- Ridge (Christiansen and Lipman, 1965. 1966). Blenk indicates phen- Y caldera extrusive prOducu are

in diagram 1 of figure 26. The principal extrusives from
o the Sleeping Butte caldera include the Redrock Valley and

250 m (800 ft) thick. The rhyolite lavas of Fortymile | Crater Flat Tuffs. These ash flows possibly constituted as
™ Canyon contain about 20 km? (5 mi®) of erupted material. | much as 1400 km?* (350 mi?) of wif deposited around and

The content of silica nad quartz phenocrysts in the
rhyolite lavas of Fortymile Canyon increases upward from
quaru-poor flows at the base 1o quariz-rich flows at the top
(fig. 25). The quartz trend seems to repeat a similar trend in
the Paintbrush-Timber Mountain Tuff sequence. The
silica content of the lavas increases gradually upward to
high-silica rhyolite (fig. 25), also similar 1o the trend in the
tulfs and rhyolites of Area 20 that fili the Silent Canyon
caldera. The petrochemical trend of these lavas toward
high quaru and silica continues the wend of the older
postresurgence lavas and wffs in the caldera moat.
Rhyolite “V" of Lipman, Quinlivan, Carr, and Anderson
(1966} is a high-silica rhyolite (figs. 24, 25) with thin-
section modes almost identical to those of the rhyolite lava
of Pinnacles Ridge (fig. 25), suggesting either approxi-
mate contemporaneity or the wapping of high-silica
rhyolite magma near the top of the magma chamber at
differenit times.

The rhyolite lavas of Fortymile Canyon are petro-
chemically and strucwurally related to volcanism of the

within the Timber Mounuin-QOasis Valley caldera
complex. The Bullfrog Member of the Crater Flat Tuff is
the most extensive, possibly extending into Death Valley
to the west. The extracaldera extent of the overlying Prow
Pass Member is on the south side of the complex. The
Prow Pass Member is the only known tuff with ortho-
pyroxene as the chief mafic phenocryst. These erupuve
events took place 16 10 14 million years ago.

A major collapse within the Silent Canyon caldera
(diagram 2, fig. 26) occurred 13.8 m.y. ago with the
eruption of the pcralkaline Grouse Canyon Member ol the
Belted Range Tull. The Silent Canyon caldera is not part
of the Timber Mountain-Oasis Valley caldera compiex,
irom which only calc-alkalic and alkali-calcic rocks are
known. Following the early peralkaline eruptions. the
Silent Canyon caldera was the source of calc-alkalic rocks,
mainly the tuffs and rhyolite lavas of Area 20 inside the
caldera and the Stockade Wash Tuff outside the caldera.
The Stockade Wash was formerly the lowermost member
of the alkali-calcic Paintbrush Tuff but differs litho-
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lugically and petrographically from members of the Pairit-
brush Tuff, as now defined, and is more closely related in
its petrography to the intracaldera wffs and rhyolites of
Area 20. The xenolithic inclusions of inuacaldera Grouse
Canyon and the areal distribution of the Stockade Wash
indicate a source within the Silent Canyon caldera. The
total erupted volume of the Stockade Wash was about
20-40 km?! (5-10 mi?). Recurrent minor subsidences
probably occurred within Silent Canyon caldera as the
thick sequence of tuffs and rhyolites of Area 20
accumulated inside the caldera, with the result that the
underlying Crater Flat Tulf was eventually downdropped
more than 2 km (diagram 2, fig. 26).

The members of the Paintbrush Tuff and peuo-
logically relaied alkali-aalcic lavas were erupted from the
Claim Canyon cauldron (diagram 3, fig. 26) resulting in a
caldera of unknown extent. Only a small segment of the
Claim Canyon cauldron is now exposed, but the gereral
size and location of the collapse structure can be inferred,
from distribution of tuffs and lavas north and south of
Timber Mountain caldera, to be about 25 km (15 mi) in
diameter and 10 be centered several kilometres west of the
present summit of Timber Mountain. The oldest member
of the Paintbrush Tulf, the Topopah Spring. was erupted
about 13 m.y. ago with a total volume of about 250 km? (60
mi?). Recurrent subsidence within the cauldron followed
eruption of the Topopah Spring Member of the Paint-
brush Tuff, and probably a minor collapse followed the
eruption of the Pah Canyon and Yucca Mountain
Members. Within the caidera they accumulated 1o several
times their thickness outside the caldera. The Tiva
Canyon Member, representing the climactic eruption in
the evolution of the Claim Canyon cauldron, flowed out
about 12.5 m.y. ago mainly to the west of the Claim
Canyon cauldron. The tuff of Chocolate Mountain, which
is about 1,000 m (3.300 it) thick, was erupted as a late
quaruz latitic phase of the Tiva Canyon and was confined
within the Claim Canyon cauldron, suggesting that
collapse was occurring during its eruption, although
Christiansen and others (1976) infer a coltapse to the west
of the site of Oasis Valley. Tuff breccia, similar petro-
graphially to the Tiva Canyon, was generated at vents
along or near the wall of the Claim Canyon cauldron
segment. The volume of the Tiva Canvon, including the
intracauldron tuff of Chowolate Mounaain, may have
totaled as much as 1,000 km? (250 mi3). The youngest
separate cooling unit of the Paintbrush, the tulf of Pinyon
Pass, tollowed very toon after the Tiva Canyon was
confined 10 the newly formed caldera.

After eruption of the ash-flow sheets of the Paintbrush
Tuff and after the formation 2t the caidera, intricate
faulting occurred within the Paintbrush cauldron, similar
to that on Timber Mountain. The fault pattern is inter-
preted by the present authors (see also Christiansen and

TIMBER MOUNTAIN-OASIS VALLEY CALDERA COMPLEX, NEVADA

others, 1976) as owing 1o magmatic resurgence with uplift
of the cauldron block from its [ormer subsided position
(diagram 4, [ig. 26). The entire Paintbrush cauldron later
participated in a broad magmatic doming preliminary 10
the culminating stages of volcanism—the eruption of ash-
flow sheets of the Timber Mounwin Tuff. Quartz-bearing
pre-Rainier Mesa rhyolite lavas were exiruded from
fractures probably related to this broad doming hiagram
5, fig. 26). Gas-charged silicic rhyoliic magma
accumulated at the top of the domical chamber. and tulfs
were assimilated from the roof as aystallization prox eeded
lower in the chamber.

The Timber Mounuin Tulf chapter of the culdera
complex began 11.3 m.y. ago with eruption of thr
voluminous Rainier Mesa Member from the central part of
the broad dome that had formed over the magma chamber.
The domed roof over the magma chamber rupiured
sufficiently to cause a considerable reduction of pressure
anld 10 ugger vesiculation which gready increased the
volume of the gas-charged magma escaping through
fissures. As the eruption proceeded, collapse of the roof
occurred, and the Rainier Mesa accumulated 0 a greater
thickness inside the subsidence area than outside (diagram
6, fig. 26). As the caldera deepened with conunuing
eruption a more crystal-rich, but less gas-charged, quartc
latitic magma was tapped, whose eruptions were largely
confined within the caldera. Poorly sorted debris {lows
containing large blocks of welded tuf* nd lava shdoif the
newly formed oversieepened caldeia walls and inter-
tongued with the upper quartz latitic part of the Rainier
Mesa Member. A total volume of about 1,200 km? (300 mi3)
of wiff had been extruded by this time, and a large volcano-
tectonic depression formed, including the Timber
Mountain caldera and probably the adjacent Oasis Valley
caldera segment. There is liule evidence to indicate
whether or not there was central resurgent doming of the
Rainier Mesa Member within this depression, except for
the westward-tilted block in the Transvaal Hills west of
Timber Mountain caldera.

During the brief interval between the eruptions of the
Rainier Mesa Member and Ammonia Tanks Members of
the Timber Mountain Tuff (11.3-11.1 m.y.), pre-
Ammonia Tanks rhyolite lavas were extruced within the

.caldera that had resulted from the Raimier Mesa eruptions
(diagram 7, [ig. 26).

The Ammonia Tanks Member of the Timber Mountain
‘Tuff was erupted 11.1 m.y. ago. Nearly hi'f its total
volume of 900 km?* (230 mi*) probably accumulated within
a concomitantly subsiding caldera, as evidenced by the {act
that no debris flows or breccias are known to interiongue
with the tuff. This episode of cauldron subsidence of
Timber Mountzin caldera occurred within an area some-
what smaller than the Rainier Mesa collapse area
{diagram 7. fig. 26) and was centered farther south, with
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‘¢ result that a crescent-shaped northern moat block did
participate in the Ammonia Tanks subsidence. The
~__+monia Tanks eruptions retflect compositional trends
ith time that were more complex than earlier ash-flow
J{ eruptions. In the ash flows of the Ammonia Tanks
:at were spread ouuside the caldera the wrends progress
pward from quaruz latite to rhyolite and back to quaru
-ute. This general sequence outside the Ammonia Tanks
Hlapse area was represented within the collapseareabya
wuch greater thickness of complex intertonguing rhyolite
ad quaru latite, suggesting multiple source vents and

»ncomitant eruption and collapse.

Cental resurgent doming of the Ammonia Tanks
nmediately occurred during the emplacement of the late
wracaldera unns of the Timber Mountain Tulff. The
ming may even have begun before the final ash-flows of
e Ammonia Tanks had been extruded. The tuff of
uttonhook Wash was erupted very shortly after the
mmonia Tanks and was confined within the Timber
fountain-Oasis Valley caldera complex. During or just
<fore this eruption about 1l m.y. ago. magmatic
‘surgence continued and resuited in slight moderate
>ming of the Ammonia Tanks and intrusions of ring
tkes, rhyolite plugs, wiff dikes, and possibly cone sheets
1o the dome (diagram 8, fig. 26). Doming continued and
1e weakly welded wiffs of Crooked Canyon of the Timber
tountain Tuffl were erupted into the newly f{ormed

aber Mountain caldera moat at a late suage of the

ing. A northwest-trending apical graben formed at

¢ crest of the resurgent dome owing to stretching of the
omed mass.

The cuiminating chapter in the volcanic history of the
tmber Mountain-Oasis Valley caldera complex was now
ver; subsequent eruptions were smali and confined 10 the
tldera moat (diagram 9, fig. 26). The tuffs of Fleur-de-lis
anch and Cutoff Road and related lavas were erupted 11
» 9.5 m.y. ago and were confined within the Timber
tountain-Oasis Valley caldera complex. They probably
ad source vents to the west of Timber Mountain caldera
1 the Oasis Valley caldera segment. Local caldera
sllapses probably occurred within the segment
ccompanying u.ese c-uptions, accounting for the low
-lief of the segment and the caldera {ill that postdates the
iff of Cutoff Road. Finally, the rhyolite lavas of Forty-
1ile Canyon accumulated on the rim and in the moat of
“imber Mounuin caldera and concluded the volcanic
.astory of the complex. _

The geologic history subsequent to the last volcanic
-ctivity of the Timber Mountain-Qasis Valley caldera
omplex includes the partial filling of the caldera moat
vith mafic lavas, ash-flow tuffs and lavas from the
reighboring Black Mountain center, and e deposition of
an gravels (diagram 10, fig. 26). The Timber Mountain
aldera walls and the resurgent dome were somewhat

li{ied by erosion.

~
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SESSION 114, ENGINEERING GEOLOGY

The purpose of this study is
Zechnigue provldes the mESt guantitative and easily
reproduced data. Image analysis techhiques were utilized to
oroduce a digitized, two dimensional maximum area plane of
projection of the aggregates. The gecmetric parameters and
Fourler transforms then were calculated from the projections
by computer techniques, while printouts of projection planes
“ere used to manually record fractal dimensions. Each
technique is limited by the imaging system's magnification

to determine which

ability. Geometric parameters and Fourier analysis are
surther limited by the fractal nature of the grain
cerimeter. Recent work indicates that fractal dimensions

vield quantitative descriptions, surpassing results of both
Jeometric parameter and Fourler analysis techniques in terms
<f error and useful application. This illustrates the
promising nature of applied fractal dimension studies to the
cnaracterlzation of concrete materials. funding is being
srovided by the Florida Department of Transportation.

11:18 a.m. Eckhoff, William R.

DOWNHOLE SHEAR-WAVE VELOCITY STUDIES IN THE
UNCONSOLIDATED SEDIMENTS IN EVANSVILLE. INDIANA
ECKHOFF. William R., SAMUELSON. Alan C.. Geology Dept., Bail
State University, Muncie. IN 47306;: EGGERT, Donaid L.. Indiana
Geological Survey, Bloomington, IN 47402
Extensive downhole shear-wave velocity studies of mid-western Quaternary
unconsolidated sediments have been undertaken to evaiuate seismic hazards in
southwestern indiana. As part of the study, 21 bore hoies in Evansville were drilled
1o obtain data using a 12 channel signal enhanced seismic recorder with a three
component downhole geophone. All holes drilled have cutungs and natural gamma
ray iogs; some noles have split spoon sampies ana standard penetration test data.
Generally. the data indicates two ditferent aepositionai environments wathin
the Evanswilie area. The soutnern haif of the city 1s underlamn by preaominantiy
sand and gravel fluvial deposits that range in thickness from 21 m to 41 m. These
sites have an average shear-wave velocity of 244 m/s. The northern and western
section of Evansviile are underiain by lacustrine deposits with thicknesses of 7 m
10 22 m and an average shear-wave velocity of 202 m/s. An east-west trending, mite
wide transition zone between these two environments is predominanily sand and
gravel with interbedded overbank or lacustnne deposits. This zone ranges from 22
m to 38 m in thickness and has an average shear-wave velocity of 244 my/s.
Shear-wave veiocity measurements were made downhole on a 2-5 m intervat
from surface to hole bottom. Shear-wave velocities are generally slowest in the near
surface 2-3 m depth at each site averaging 142 m/s. Not including this shailow zone.
the individual sand and gravel downhoie measurement intervais have shear-wave
velocities averaging 297 m/s and generally increases with depth. The silt and clay
overbank and lacustrine intervals have an average shear-wave velocity of 236 mys.

SESSION 1185, 8:00 a.m.
THURSDAY, OCTOBER 29, 1992
GEOMORPHOLOGY (POSTERS)
CCC: Level 1

Booth 1 Coe, Jefirey A.

PHOTOGRAMMETRIC ANALYSIS OF MODERN HILLSLOPE EROSION AT YUCCA
MOUNTAIN, NEVADA
COE, Jelfrey, A, WHITNEY, Jobn, W., US Geological Survey. Deaver, CQ, 8022S;
GLANCY. Patrick, A.. US Geological Survey, Carson City, NV, 89701

Debris flow processes are 2 pnimary mechanism for modem hillslope crosion at Yucca Mountain.
Nevada. Modemn debris flows are rare cvents. as is evidenced by the preservanon of middie
Pleistocene colluvium and the lack of erosionai scars on hillsiopes. This studv characterizes debris
Nows that occurred on July 21 or 22, 1984, oo the south hiilslope of Sake Ridge, about 6 km east of
1he crest of Yucca Mountain, The hillsiope gradieat ranges from 50 degrees at the top to 3 degrees at
the base; the hillslope is underlain by Tertiarv ash-flow tuff and is mantied by less than 2 m of
varnished bouidery colluvium. Because acnal stereo photographs were available of Jake Ridge from
before the 1984 flows, photogrammetnc techmgues were used 1o quantify the volume of debris
eroded off the siope, as well as to map the redistribution of the eroded sediment.

The Jake Ridge flows were initiated by a storm. Precipitation gauges 5.4 and
7.5 km southwest of Jake Ridge recorded 64 and 69 mm on July 21, and 22 and 16 mm on July 22,
respectively. Measured rainfall rates ranged up to 73 mm/hour oa the 2ist and 15 mm/hour on the
22ad. Erosion severity at Jake Ridge compared to that acar the precipitation gauges implies that
@reater and more scvere rainfall probablv occurred at J:kc Ridge. Water and debris stripped past of
the upper hillslope of colluvi idened and d d existing ch is. and created new channels
on the lower hiilslope. Most erosion probably occurred as the combined resuit of channel scour and
soil slips. Debris flowed toward a tributary of Fortymile Wash; a large intermittent stream about 0.6
kra from the top of the hill. The photogrammetric study area was 48390 m? and included the enurc
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niiislope. Digital elevation modeis (DEMs) with 2 m spaual resotution. measurea from pre-tiow and
nost-tlow acrial stereo pnoLOZTapns UsiNg an anaiviical stereo plolter, were uscd to estmate Lhe
voiume ana distnbution of debris affected by the flow. Volumes were caiculated bv subtracting the
pre-flow eievation from the post-tlow elevauion at each DEM gnd node. muitiplying the elevation
difference bv the area of cach nodc, and summung the cubes. Volumetnic calculations show that
about 3650 m3 of colluvium were eroded from the hilisiope. Maxmum aepth of erosion was about
L2 m. Of the 3650 m3 croded, about 10 % was deposited on the siope as levees ana smaii lobes, 35
"> was deposited near the base of the slope. 40 % was deposited in the tnoutary to Fortvmile Wash,
and less than 15 % entered Fortvmile Wash. These resuits suggest a model for hillslope erosion

during drv interpluvial climates: targe, but inirequent storms cause locaitzed hitlslope stnpping that
resuits 1n tributarv/channes aggraaatioa.

Booth 2 Gillespie, Marcus

THE NATURE OF CHANNEL PLANFORM CHANGE: BRAZOS RIVER. TEXAS

GILLESPIE. Marcus. and GIARDINO, John R.. Geograpny Dept. icxas A&M University,

College Stauon, TX 77843-3147.

Although meandering rivers have been studied extensively. maost research has focused on freely

nvers in atluviai B these types of rvers cansutute a
smail percentage of all nvers, research 1s needed o assess e nature of pianform change on nvers
tlowing 1 more alluviat

This study descnbes the nawre of planfarm change that has occurred in three conuguous alluvial
reaches of the Brazos River, Texas. from the 1930s 1o 1988. The reaches encompassed 260 km and more
than 125 bends. ano were selected based on contluences with two tnibutanes. Maps of the channel were
produced by digiuzing the channel centerline from senal photographs and recufying the 1mages on a
GIS. The nature of bend planform change was described 1n terms ot 14 morphological vanables
represenung bena shape, and other vanables characienzing the fluviai environment. A migrawry
acuvny index (MAD was developed which provides an 1n channel
stabthty.

“he MAI indicated that the niver s rate of migrauon has decreased subswanually since 1939, This
change n ochavior results trom diminished discharges ana seaiment 103ds brought about by flow
regulauon and 1s constsient with previous findings on the eifects of flow regulauon on channei
acuviy, However. the other resuits were conuary to thase tound in studies of freely migraung nvers.
Bend plantorm size was controlled not by discharge. but by the or ot rock and
scdiment fayers inierspersed among the alluvial sediments 1n 2 smali number of bends. Although
planform conrols on migration rates were found, the interaction of variables resulied i poor
<or with Of was that 37% of the bends on the nver
ex ie. toward the baseiine connecung the inflection points
which define a bcnd Thxs phenomenon, which 1s not a form of mumer cutoff. has not been described

means of

before and 1s significance ites 1n the fact thae ut the of p models of
and planfe e This 1s ns makes 1t ble 1o predict the
of Also of sigmi] 13 the fact that its d

theoreucal models of fluid flow and erosion 1n channel bends which have been developed (o describe
conditions in {reely migraung nivers, Given that most rivers are not freely migraung, the above resuits
pose to the ap lity of modeis based on studies of freely migraung nvers.

Booth 3 Pederson, Darryll T.

MODEL FOR SAND HILLS DEVELOPMENT:

GEOMETRY. SEDIMENT

SUPPLY AND DEPOSITION, RIVER SYSTEMS AND CLIMATIC
IMPLICATIONS

PEDERSON, Darryll T., WAYNE, William J., Geol. Dept.

UNL, Lincoln, NE, 68588, and DAVIS, Ralph K.

Dept. of Earth Sci., USD, Vermillion, SD 57069
A model of sand hills development was formulated using
processes occurring along the Dismal, Middle Loup and
Platte rivers. A widespread alluvial fan blanketed by
loess and sand dunes with interspersed lacustrine
deposits is the product. The great arc of the sediment-
supplying river indicates direction of wind transport.

The key is a Platte-like river with flows near
threshold capacity for transport of sediment from the
river’s source through the area during wetter climatic

periods. During dryer pericds stream channels fill with
sediment pulses transported from mountain headwaters
during snowmelt flood flows. The flood flows cause

vertical reworking and sorting of the sediment. With
waning flood flows many stream channels dry up leaving
sediments vulnerable to wind erosion and transport. With
time stream channels become blocked by aggradation of
sediment and dune formation diverting snowmelt floods to
new paths in the forming dune field or around the margin
of the new dune field. This process continues until
increased flows with wetter climates are once again able
to transport sediment through the area and erode a new
river valley. Rivers rising :n sand hills are
groundwater fed, uniform in flow, and change only in
response to <climatic changes. They do not have the
energy to rework the extensive gravel deposits of the
Platte-like rivers and their net effect 1s to rework
sediment above the coarser alluvium and transport the
finer sediment out of the sand hills.
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Use of packrat middens to determine rates of cliff retreat
in the eastern Grand Canyon, Arizona

Kenneth L. Cole

sLaboratory of Paleoenvironmental Studies. Department of Geosciences. University of Arizona. Tucson. Arizona 85721

Larry Mayer*
U.S. Geological Survey. Menlo Park. Califorria 94025

ABSTRACT

Packrat midden data can be used to calculate rates of cliff
retreat by relating midden age to the distance between cliff face
and midden. Regression analysis using 14 radiocarbon-dated
packrat deposits from the Mississippian Redwall Limestone in the
eastern Grand Canyon suggests that the Redwall has been retreat-
ing at an average rate of 0.45 m/103 14C yr. This rate of cliff
retreat, which is comparable to other cliff-retreat rates reported
from arid environments. implies that the Colorado River cut
through the Redwall Limestone in the vicinity of Horseshoe Mesa
tbout 3.7 m.y. B.P.
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INTRODUCTION

Packrat middens are debris piles left by packrats ( Neoroma
sp.). that contain fragments of local vegetation assemblages: thus.
their study is important for paleoclimatologic research. In this
report we attempt to explain the spatial distribution of packrat
middens tn caves and how the spatial distribution of these middens
15 related to rates of cliff retreat in the eastern Grand Canyon.

Packrat middens can be indurated by a coating of viscous
packrat urine. Under dry conditions. the urine crystallizes, form-
ing "amberat.” The entire deposit may adhere to rock shelves and
walls and survive more than 50,000 yr when protected from rain
and high humidity.

Middens left by packrats inside rock crevices, in caves, and
under cliff overhangs are commonly protected from destruction
until the midden is exposed to weathering by cliff retreat. A mid-
den of Pleistocene age can be preserved only if the midden is suffi-
ciently far back in the crevice or cave or if the rate of cliff retreat is
sufficiently slow that the midden is not exposed even after 10,000
yr or more of cliff retreat. Similarly. for a midden to be preserved
under a ciiff overhang, spalling of joint blocks or erosion of over-
hangs must be sufficiently slow or sufficiently infrequent to allow
preservation of the midden. This reasoning is analogous to that
employed in, for example, interpreting lichenometric data on the
age of talus piles (Beschel, 1961).

Cole (1982) dated 53 packrat middens by the radiocarbon
method and found Pleistocene middens in only two formations in
the eastern Grand Canyon: the Cambrian Tapeats Sandstone and
the Mississippian Redwall Limestone. The apparent absence of
Pleistocene middens in upper Paleozoic formations (the Supai
Group, the Coconino Sandstone, the Kaibab Limestone. and the
Toroweap Formation) above the Redwall Limestone may suggest
that their rates of cliff retreat are rapid enough to prevent the
preservation of Pleistocene deposits in these noncavernous sub-
strates. The abundance of Pleistocene deposits on ledges in the
Tapeats Sandstone suggests that this substrate is retreating more
slowly than are formations above the Redwall.

In this study we restrict our attention to the Pleistocene mid-
dens in small to medium caves (entrance less than 5 m diameter)
formed in the Horseshoe Mesa Member of the Redwall Limestone
in the eastern Grand Canyon (Fig. |).

CLIFF RETREAT AND SURVIVAL
OF PACKRAT MIDDENS

To estimate the rate of cliff retreat one must know the posi-
tion of a datum relative to the cliff face at some time in the past.
We think packrat middens are a suitable datum because they can

*Present address: Miami University, Oxford. Ohio 45056
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be dated and their past positions estimated. Our argument centers
on how the position of packrat middens reiative to a cliff face
nges with time and how such changes are related to cliff
eat. To understand how the position of packrat middens can

“—g€ estimated. we first examine the spatial distribution of modern

packrat debris piles in caves.

Active packrat debris piles tend to be most common within 5
m of the cave entrance at a cliff face. and packrat activity extends
farther back into the cave with diminishing frequency. Some pack-
rat fecal pellets and plant debris are found as far back as 15 minto
the cave. Presumably. most modern debris piles are unseen in
small crevices and crawlways near the cave entrance —places safe
from predators. Figure 2 illustrates a hypothetical frequency dis-
tribution of modern middens as a function of increasing distance
from the cliff face. The relation between the position of packrat
middens in a cave and the distance from the cave entrance is prob-
abilistic: there is a high probability of a midden near the cave
entrance and a declining probability of a midden farther back in
the cave.

As the cave retreats, middens near the cave entrance will be
destroved. and younger middens will be deposited. The two proc-
esses of midden deposition and midden destruction through cliff
retreat constantly change the age and spatial distribution of the
middens in the cave. To unravel the effects of cliff retreat and
midden deposition on the age composition and spatial distribution
of middens in a cave, we assume that the frequency distribution of
middens with distance from exposure at the cliff face takes some
particular values. although the exact {requency distribution may
vary somewhat from cave to cave and is unknown, Using a hypo-
‘hetical frequency distribution. we shall illustrate how the spatial

stribution of middens changes over time and how such changes

__re related to the rate of cliff retreat. For our purposes. we use a

0.4 m 10* vr rate of cliff retreat.

Figure 3 illustrates the spatial distribution of middens at dif-
ferent time intervals: each step shows the spatial distribution of
middens at a given time. We assume that middens were deposited
most commonly near the cliff face in the past because that is where
active packrat debris piles are most abundant. The only other var-
iable is ciiff retreat. As shown in Figure 3b. the envelope of the
distance-versus-age data points is diagnostic of cliff retreat: the
slope of the envelope line gives the rate of cliff retreat.

=

60—

RELATIVE FREQUENCY (%)

! 1 i | i 1 1 1 i | i | 1 { i
o} 2 4 6 8 10 12 23

OISTANCE INTO CAVE (Meters)

Figure 2. ideal lrequency distribution showing modern midden fre-
quency with increasing distance rom cliff face for hypotheticat cave.
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PLEISTOCENE MIDDENS IN
THE REDWALL LIMESTONE

Direct application of our working hypothesis on midden dis-
tribution is not possible because we do not vet know how such
variables as cave shape and size affect midden distribution. Fur-
thermore. we would have to date ail the middens 1n a cave—a
procedure that would be extremely costly. Instead. we have
sampled what appeared to be the oldest middens in each of severa|
caves in the Redwall Limestone. Cursory examination of the plant
fossils in a midden and of midden texture permits discrimination
between Pleistocene and Holocene middens (Cole, 1981). Thus, we
have probably sampled the middens situated near or at the enve-
lope line in Figure 3.
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According to our reasoning. modern packrat dens may exist
15 m away from exposure in small to medium caves, whereas the
limit of progressively older deposits should be nearer exposure at
the cave entrance. Older middens that were deposited near the
cave entrance have presumably been destroved. and only those
older middens that were deposited farther back in the cave are left.
At least one other study (Phillips. 1977, p. 39) reported a cave in
which the oldest deposits are nearest the entrance.

To see whether our line of reasoming vields plausible results.
we have used regression analysis to estimate a relation between
distance from the cave entrance and age of a midden: 1} = 3, - 8 \.

DISTANCE INTQ CAVE (meters)
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Figure 4. Regression line and its 95% confidence interval for 14 Pleis-
tocene middens from Redwall Limestone.

TABLE 1. RATES OF CLIFF RETREAT IX ARID AREAS
Rate of
Cliff Retreat
Area (m/10° vr) Reference

Grand Canvon 0.18-0.72

Mogellen Rim, Arizona 0.4-0.8 Maver (1979)

Salt River. Arizona 0.4 P.E. Damon and others
(unpub. data)

White River, Arizona 0.4 P.E. Damon and cothers
(unpub. data)

Virgin River, Utah 0.3 P.E. Damon and others

{(unpub. data)

Colorado 0.2 Young (1974)
Colorade 0.6 Young (1973%)
Sinai Peninsula 0.1-2.0 Yair and Gerson (1974)

where } is the distance between a dated midden and the cave
entrance (exposure), X is the age (in'*C yr) of the oidest midden
for a given distance from the entrance. By is the expected maxi-
mum distance from exposure for modern middens, and 8, is the
rate of chiff retreat (m_ 107 yr).

We have estimated the envelope line by applving linear
regression 1o the data from 14 Pleistocene middens collected from
small to medium caves in the Horseshoe Mesa Member of the
Redwall Limestone. The least-squares estimates of the regression
coefficients (Fig. 4) differ significantly from zero at better than the
0.0! level of significance. The maximum expected distance trom
exposure for modern middens is 10.8 m. The estimate of the rate
of chiff retreat for the Redwall Limestone is 0.45 m 10* "3C yr.
The range in our estimates of the rate of cliff retreat. at the 95%
confidence level. is from 0.18 to 0.72 m 10% vr: these values are
comparabie to other estimates of chiff retreat in arid (sensu lato)
areas (see Table 1).

If our estimate for the rate of chiff retreat. which is a 13.000-vr
average rate, applies for longer intervals. then our data imply that
the Colorado River cut through the Redwall L.imestone near
Horseshoe Mesa between 9.3 and 2.3 m.v. B.P.. if we use 0.1% and
0.72 m 10" vr. respectively. and probably 3.7 m.v. B.P. on the
basis of a 0.45 m 107 vr rate of cliff retreat. These estimates are
consistent with previous age estimates {or the Grand Canyvon
(McKee and others, 1967. Lucchitta. 1979).
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